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1.1 Purpose of this study 
Glow discharge optical emission spectrometry (GD-OES) has been widely 
employed for direct analysis of solid samples, because the glow discharge produces 
stable gaseous plasma, which is self-maintained under appropriate discharge conditions, 
to emit the characteristic radiation with a small fluctuation of the intensity as well as a 
low background level [1,2]. In GD-OES, the sampling process occurs through cathode 
sputtering when positive ions in the plasma are accelerated and then bombarded against 
the sample surface. The sputtering process enables GD-OES to be a rapid analytical 
method for obtaining a depth profile of the sample composition, because the analytical 
procedure can be rapidly conducted with a little sample pretreatment without ultra-high 
vacuum conditions [3-6]. Both direct current (DC) and radio-frequency (RF) power 
supplies are acceptable to maintain the glow discharge plasma. This variety of the 
power supplies enables the application fields of GD-OES to be more extended.  
Glow discharge produced a so-called ‘cold plasma’, which means that the 
kinetic energy of gas species in the plasma is relatively small and thus the characteristic 
gas temperature is not so high [7]. A probable reason for this is that collisions with 
energetic electrons, which are accelerated by the electric field, occur insufficiently 
enough to cause the energy transfer to gas particles, because the glow discharge is 
generated under reduced pressures. As a result, there is a large difference between the 
gas temperature and the electron temperature in the glow discharge plasma.  
Plasma in the local thermodynamic equilibrium (LTE) can be characterized by 
a unique temperature which can predict a spectrum pattern from the Boltzmann 
distribution among the corresponding excited energy levels [8]. However, the glow 
discharge plasma is not in the LTE condition. Therefore, in the glow discharge plasma, 
it is difficult to understand the emission spectrum only with the plasma temperature, and 
the excitation / ionization process in GD-OES cannot be explained with the Boltzmann 
distribution [9,10]. It has been reported that spectrum patterns emitted from the glow 
discharge plasma greatly depend on the kind of plasma gas [11-13]. The characteristics 
of gas determine not only the relative intensities of the emission lines, but also the kind 
of the observable spectral lines. Metastable species of the plasma gas play an important 
role in exciting emission lines of singly-ionized atoms [14]. It is suggested from these 
results that any particular excitation mechanism may exist in the glow discharge plasma.  
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Commercial apparatuses for RF GD-OES are normally equipped with an RF 
power generator at a driving frequency of 13.56 MHz. According to the radio act law in 
Japan, it is possible to change the RF frequency form 13.56 to 6.78 MHz for a power 
supply in GD-OES. It may be an interesting alternative, principally because the 
6.78-MHz discharge has lager self-bias voltage than that of 13.56 MHz [15] and thus 
may provide larger amounts of samples sputtered into the plasma. However, few studies 
have been reported on the spectrochemical evaluation of 6.78-MHz glow discharge 
plasma. Therefore, the ionization / excitation characteristics of 6.78-MHz RF plasma 
should be further investigated to employ it as an excitation source in atomic emission 
spectrometry. 
        For this purpose, Chapter 2 deals with Boltzmann plots for atomic emission 
lines of iron in 6.78-MHz RF glow discharge plasma, and then compares them with the 
results of that of conventional DC glow discharge plasma, in order to elucidate how the 
excitation behavior of iron species is different or similar between the different power 
modes. 
        Chapter 3 investigates Boltzmann plots for both atomic and ionic emission 
lines of iron in an argon glow discharge plasma driven by 6.78-MHz radio-frequency 
(RF) power in a pulsed operation, in order to discuss how the excitation/ionization 
process was affected by the pulsation. 
        Furthermore, there is a possibility in GD-OES that the analytical information 
can be obtained not only along the depth direction, but also in the lateral direction over 
the sample surface, because sputtered sample atoms emit the characteristic radiation in 
the negative glow region just above the surface and thus a spatial image of radiation 
may correspond to the lateral distribution of the sample atoms. A conventional 
analytical system for GD-OES is suitable for the general analytical application. 
However, it cannot provide any information about the spatial distribution of the 
emission intensity at different portions in the plasma. Chapter 4 describes a specified 
measuring system for GD-OES, which can provide a spatial/radial distribution of 
analyte atoms on the sample surface, while the conventional system provide only the 
information about the elemental distribution in depth direction. 
        Chapter 5 describes a new measuring system, in which a pulsed GD-OES is 
combined with a laser ablation sampling with a Q-switched Nd:YAG laser. A unique 
feature of this system is found, such that the excitation process for atomic emission can 
be individually controlled from the sampling process. 




1.2 Glow Discharge 
The glow discharge is a plasma state formed by a passage of electric current 
through a gas. It is often produced by a sealed glass vessel with two electrodes set 
parallel, as shown in Fig.1-1. The chamber is connected to a vacuum system and has an 
inlet port for introducing a discharge gas, which is usually an inert gas such as argon, 
and a DC potential is applied across the two electrodes. When the voltage exceeds a 
value called the striking voltage, the gas ionization becomes self-sustaining, and the 
tube glows with a colored light. The glow discharge is used as a source of light in 
devices such as neon lights, fluorescent lamps, and plasma-screen televisions. 
Analyzing the emitted light with a spectrometer can reveal information about the atomic 
interactions in the plasma. Therefore, a glow discharge is used in analytical 
spectroscopy, and is also used in the surface analysis through the process called 
sputtering [16]. 
Electrons in the glow region can be classified into three groups [17,18]. The 
first group is called primary electrons, which consists of γ-electrons which enter from 
the cathode dark space with relatively high energies. The second group consists of the 
electrons which are produced secondarily in the negative glow region, is called 
secondary electrons. The secondary electrons are accelerated away from the cathode and 
undergo a variety of collisions through the plasma. These collisions lead to the 
excitation and/or ionization of the gas atoms. The excitation and subsequent 
de-excitation to the lower levels by radiation decay are responsible for characteristic 
emission in the glow discharge. The ionization collisions create new positive 
ion-electron pairs; the ions are accelerated again towards the cathode and produce new 
secondary ions. Thus, the combination of ionization collisions and the resulting 
secondary electrons make the glow discharge to be self-sustained plasma. The last group 
consists of the electrons which are repelled by the anode dark space as well as by the 
cathode dark space. The slow electrons are finally trapped by the plasma potential 
because their kinetic energies become gradually lower. These electrons occupy larger 
parts of the whole glow electrons. Therefore, the average kinetic energy of the glow 
electrons, specifically the electron temperature, is determined mainly by the last group 
of electrons. 
 
1.2.1 Spatial Zones in the Glow Discharge 
The glow discharge can be divided into several regions between the cathode 
and anode, characterized by the emission intensity, the potential and the electric field 
distribution, the space charge and the current density. It is well known that the glow 
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discharge in the chamber comprises several alternating dark and luminous zones, as is 
shown in Fig.1-1. However, all of these zones do not necessarily appear in the glow 
discharge column. The structure and the occurrence of the emitting regions depend on 
the discharge parameters like the voltage, the pressure and kind of gas, and especially 
the distance between the two electrodes. Generally, when the distance of electrodes is 
relatively long, the positive column attracts much attention in the discharge column. 
However, the positive column is not essential for maintaining the glow discharge. It is 
found that if the separation between the two electrodes is reduced, the positive column 
shrinks and finally disappears while the negative glow and cathode dark space are 
hardly affected. In this case, Faraday dark space as well as the positive column also 








Discharge tubes working under the obstructed glow condition are employed 
extensively as an excitation source for atomic emission spectrometry. Chapman 
suggested a simplified fundamental model only including the negative glow region, the 
cathode dark space, and the anode dark space, as described in Fig.1-3 [17]. In this 
model, a glow region occupies the greater part of the discharge body and the dark 
spaces are adjacent to each electrode. The anode dark space is much thinner than the 
cathode dark space. The lower part of Fig.1-2 describes schematically the voltage 
distribution when the anode electrode is grounded. Little electric potential is evident in 
the glow region, and thus most of this region has the same potential Vp, which is called 
the plasma potential. The glow region has a small potential difference due to a large 
difference in the mobility of an electron and a positive ion [20].  
Since a negative potential Vd is applied to the cathode, a large electric field 
corresponding to Vd is produced in the cathode dark space. The difference in the 
potential across the cathode dark space is called the cathode fall. In the anode dark 
space, Vp can also induce an electric field though its strength is much smaller than that 
of the cathode dark space. The electric fields in the discharge body are largely restricted 
to the dark spaces at each electrode. Electrons without enough kinetic energies to 
penetrate these fields are repelled back to the negative glow region, not only by the 
cathode dark space field but also by the anode dark space field. 
The electrons in the discharge body are accelerated by the applied electric 
field. As a result, energetic electrons collide with gas atoms to cause the ionization. 
While a great number of electrons are produced through various collision reactions, the 
electrons are lost rapidly as a result of electron-ion recombination processes. It is 
considered that the discharge is sustained by counterbalancing between the creation and 
the loss of the electrons. There is also a possible energy loss corresponding to heat from 
the discharge body to the environment. In order to obtain a stable discharge, the energy 
loss must be compensated for by the energetic electrons, because only these electrons 




Fig.1-2 The voltage distribution in an obstructed DC glow discharge, and the schematic 
explanation of cathode sputtering.  
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1.2.2 Voltage-Current Characteristics 
        The investigation of the discharge voltage-current distribution is important to 
understand the behavior of the glow discharge. Fig. 1-3 shows typical voltage-current 
characteristics of the glow discharge [21]. The main characteristics of the discharge, 
such as the breakdown voltage, the voltage-current variations, and the structure of the 
discharge depend on the geometry of the electrodes and the chamber, the plasma gas, 
and the materials of electrodes. Three regions can be identified generally as shown in 
Fig.1-3. 
 
1.2.2.1 Dark Discharge 
Initially no current flow is observed if the applied voltage is too low to induce 
ionization in the gas body. As the DC potential V gradually increased, an unstable and 
intermittent discharge accompanied by random sparks may be observed at very low 
values of the current, which is also called dark current. If the potential V is further 
increased, the discharge current I increases rapidly and a dark self-maintained discharge 
is produced. Such a discharge is called Townsend dark discharge, shown as the region 
A-B in Fig.1-3, which is characterized by a so-called breakdown voltage Vb. Electrical 
breakdown occurs in the Townsend region with the addition of secondary electrons 
emitted from the cathode due to ion and photon impacts. At the breakdown potential, 




, and is usually limited only by 
the internal resistance of the power supply. The breakdown voltage for a particular gas 
and an electrode material is determined by the product of the pressure and the distance 
between the electrodes, as expressed in Paschen’s law [22]. 
 
1.2.2.2 Glow Discharge 
        When the discharge current further increases, the voltage increases (the region 
C-D in Fig.1-3) and reaches a value Vn. The potential Vn then remains almost constant 




 A, as shown in the region D-E 
in Fig.1-3. When the discharge current is more than the value at the point E, the voltage 
varies again and the discharge enters a region where the discharge voltage increases 
along with the current (the region E-F). The discharges in the region D-E-F are called 
glow discharge. It is called a normal glow in region D-E, and an abnormal glow in the 
region E-F [23]. 
 
1.2.2.3 Arc Discharge 
        If the current raised above the value at point F in Fig.1-3, the discharge 
9 
 
voltage decreases abruptly and then reaches only several tens of volts for currents of the 
order of 10 A. This indicates that the discharge characteristics are altered from high 
voltage and low current (glow discharge) to low voltage and high current in the region 









1.2.3 Excitation and de-excitation Processes in the Glow Discharge Plasma 
The excitation and de-excitation of atoms are caused by various types of 
collisions involving energy exchanges between the colliding species. The collision 
reactions are classified into those of the first kind and those of the second kind [24]. 
There is an exchange in the kinetic energies of the particles in the first kind, whereas the 
internal energies are involved in the second kind. Large parts of the excited particles 
having higher energies are de-excited rapidly down to lower energy levels with photon 
emission, and then the lifetime of these states is much shorter than the time required for 
energy exchanges by means of any inter-particle collisions or collisions to the wall of 
the discharge chamber [25]. However, in a metastable state, any de-excitation process 
followed by the photon emission is forbidden by selection rules [26]. The particle in the 
metastable state has a prolonged lifetime, and may survive until it is de-excited through 
the radiation process. Therefore, it can be considered that a metastable state has an 
internal energy corresponding to its excitation energy. 
        Typical collision reactions can be represented as the following equations [27]: 
 
A + D (fast)        A* + D (slow) + △E                           (1-1) 
A + D (fast)        (A
+
)* + D (slow) + e
-
 + △E                     (1-2) 
A + e
-
 (fast)        A* + e
-
 (slow) + △E                           (1-3) 
A + e
-




 (slow) + e
-
 + △E                     (1-4) 
A + D
m






 + △E                            (1-5) 
A + D
+




 + △E                                (1-6) 
 
The superscript denoted by m, g, *, -, represents ground, metastable, excited, and ionic 
state. On receiving the energy form a particle D or an electron e
-
, a particle A is excited 
and immediately de-excited with the photon emission. △E denotes the difference in the 
excitation energy before and after the collision. 
 
1.2.3.1 Collisions of the First Kind 
        Equations from (1-1) to (1-4) describe collisions of the first kind, where the 
excitation/ionization reactions are caused by the fast particles having large kinetic 
energy. However, it is essential that the kinetic energy must be larger than the 
excitation/ionization energy of the particle A. Since the gas temperature of the glow 
discharge plasma is not high, the reactions shown as equation (1-1) and (1-2) would 
take place less actively. This implies that atom-atom or atom-ion collisions are minor 
processes for obtaining excited species in the plasma. On the other hand, electron 
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impact collisions described in equation (1-3) and (1-4) can be a possible mechanism for 
the excitation/ionization in the glow discharge plasma. 
 
1.2.3.2 Collisions of the second kind 
        Equations (1-5) and (1-6) describe collisions of the second kind, where the 
excitation/ionization reactions are caused by metastable atoms having large internal 
energies.  
Equation (1-5) is called Penning ionization [28]. In this case, the metastable 
particle D
m
 acts as an energy donor for the ionization of the particle A, and the surplus 
energy is taken by the ejected electron. The metastable levels are favorably populated 
under an evacuated atmosphere. Therefore, the Penning ionization by rare gases is a 
feasible process in the glow discharge plasma. 
Equation (1-6) is called a charge transfer ionization [29]. No electron is 
released in this reaction and the surplus energy is shared by the colliding particles. 
Therefore, the charge transfer process is most likely to take place when the △E is very 
small, less than 0.2 eV, indicating that an energy resonance is required [30]. 
 
1.2.4 Cathode Sputtering 
        As illustrated in Fig.1-3, when positive ions and fast neutrals strike the 
cathode surface with sufficient force, they may penetrate into the surface and while 
losing their kinetic energy through a series of three-dimensional collisions with atoms of 
the cathode material. As a result, some atoms at the uppermost surface obtain a part of 
the kinetic energy, and they could be ejected from the surface if the energy is larger than 
their binding energy. The majority of the sputtered particles are normally neutral atoms, 
while positive ions return back to the surface due to the strong electric field in the 
cathode sheath. However, a certain amount of the neutral atoms can diffuse into the 
negative glow region. Glow discharge analytical method is based on optical emission of 
the sputtered neutral atoms in the glow region. 
        The most fundamental parameter with respect to the sputtering process is the 
sputtering field, which is defined as the number of the sputtered atoms per incident ion 
[31]. It depends on the kind of discharge gas, the mass and the energy of the incident 
particles, and the chemical and physical states of the cathode surface. 
        Inert gases are commonly used in glow discharge plasma, since they provide 




1.2.5 Grimm-style Glow Discharge Tube 
In 1967, Walter Grimm introduced a glow discharge tube with a flat cathode 
[32]. The Grimm-style glow discharge tube is most commonly employed as an 
excitation source in glow discharge optical emission spectrometry (GD-OES). 
Originally intended as an alternate to the spark source, the Grimm-style tube has proven 
to be an excellent tool for routine bulk analysis. Fig.1-4 illustrates a schematic diagram 
of the discharge tube [33]. The sample is taken as the cathode and the hollow anode is 
kept at a small distance from the cathode (usually less than 0.5 mm). The discharge tube 
is first evacuated down to 10
-2
 Torr through two rotary vacuum pumps. Then a discharge 
gas (usually argon) is introduced into the tube at a pressure of several hundred Pa and 
flows continuously during the measurement. When a voltage is applied between the two 
electrodes, a glow discharge is produced in front of the cathode. 
A stable discharge is produced in the narrow region between the inner wall of 
the anode and the cathode surface located opposite to the hollow anode cavity. The 
bright part of the discharge mainly consists of the negative glow. In analytical 
applications, the zone of interest is the negative glow, because particles sputtered from 
the cathode sample are strongly excited in this region. 
The generation of particles analyzed results from a non-thermal cathode 
sputtering process. A unique feather of the Grimm-style tube lies in the sampling caused 
by the cathode sputtering, which can be easily controlled. The sampling rate depends on 
the voltage, the current, the gas pressure, and the material of the cathode sample. 
Information about the in-depth variation of the elemental composition can be obtained 









1.2.7 Radio-Frequency (RF) Power Supply Glow Discharge 
GD-OES can also be operated using a radio-frequency (RF) power supply. 
Several scientific papers were published with respect to comparison of the glow 
discharge plasma produced by DC and RF power supplies in GD-OES. Winchester first 
pointed out a similarity in the characteristics of resulting emission spectra in these 
different power modes [35, 36]. Efimova et al. observed the progress of the sputter 
crater formation to compare the sputtering process occurring in a Grimm-type plasma 
source between DC and RF power supplies [37]. 
        In a typical analytical RF glow discharge device, sputtering of the sample is 
accomplished by placing the sample in contact with one of the conducting electrodes 
generally referred to as the backing electrode. This arrangement was first suggested by 
Wehner and had efficiently been demonstrated for the sputtering of insulating materials. 
A striking feature of the technique is that the surface is bombarded alternatively by 
positive ions in one half cycle and electrons in the next half cycle and thus causes 
continuous sputtering of the insulating materials. 
        RF and DC glow discharge plasmas are similar in many ways. So similar in 
fact that the RF glow discharge has been described as a DC discharge superimposed 
with high frequency field [38]. In both cases, atomization of the solid sample is the 
result of ion bombardment, excitation is due to in-elastic collisions with energetic 
electrons, and ionization can be attributed to inelastic collisions with both energetic 
electrons and metastable atoms of the surrounding gas. 
        The DC discharge and RF glow discharge differ in the densities and the 
energy distributions of charge particles, which may result in different excitation and 
ionization efficiencies. Also, the high frequency field in the RF plasma may cause high 
frequency modulation of the kinetic energy of ions striking on the sample surface. This 
may affect the sputter atomization efficiency of the RF discharge as compared to that of 
the DC discharge. However, the main difference is that the RF discharge can analyze 
both conductive and non conductive materials, but the DC discharge is unable to sputter 
non-conductive materials. 
 
1.2.8 Glow discharge in pulsed mode 
        Both DC and RF power supplies may be operated in a pulsed mode. The 
pulsed discharge can reduce the sputtering rate and minimize thermal damage of the 
sample surface, in order that one can analyze various specified samples, such as an 
ultra-thin layer and an organic film [39]. Nowadays, commercialized apparatuses for 
GD-OES have normally had a pulsed discharge mode. Some review papers have been 
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published on the analytical applications of the pulsed GD-OES [40,41]. 
        A pulsed operation of the glow discharge generally exerts a negative effect on 
the analytical performance in GD-OES, because the emission intensity decreases at 
smaller gate width. However, the pulsed operation can give a cyclic variation in the 
emission intensity from the resulting glow discharge plasma, which would be utilized 
for a detection method, known as modulation spectroscopy. In such a measurement, 
only the cyclic component of the emission signal is able to be selectively detected using 
any data-processing equipment, where the signal components having the pulse 
frequency are fully removed [42,43]. This technique would improve the analytical 
performance in the pulsed GD-OES, if the intensity of an analytical emission line is 
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2. Comparative Investigation of the Emission Characteristics Between 




For a practical application in GD-OES, the emission yield (EY) which means 
a sensitivity factor of each analytical line has been generally employed, especially to 
obtain a quantitative depth profile in both DC and RF plasmas [1,2]. A comparison of 
EY was reported between different power modes [3]; however, the EY is a relative 
sensitivity factor which should be experimentally determined for several variables such 
as the discharge voltage and current, and thus, the physical meaning of EY is not 
necessarily clear. Therefore, it is considered that the excitation phenomena occurring in 
these plasmas should be further investigated. 
The concept of local thermodynamic equilibrium (LTE) is described as 
follows: plasma in the LTE state is characterized by a unique temperature which can be 
determined by Maxwell-like distribution of the collision partner in a collision 
accompanying the exchange of kinetic energy, such as a collision with energetic 
electron [4]. However, the glow discharge plasma is not in the LTE condition and thus 
the excitation/ionization phenomena in GD-OES cannot be simply explained from the 
Boltzmann distribution [5,6]. Nevertheless, the plot of Boltzmann factor gave a 
systematic change on the whole, which would be attributed to the excitation processes 
occurring in the plasma. Previous papers indicated that deviations from a Boltzmann 
plot, which were observed in various emission lines of iron, gave useful information on 
the excitation/ionization processes in argon GD-OES [7,8]. Also, the emission 
characteristics of pulsed 6.78-MHz RF plasma were investigated using the iron 
emission lines when the duty ratio was varied as a controlling parameter, indicating that 
the excitation temperature of the resultant plasma was almost unchanged whereas the 
net emission intensity drastically decreased at smaller duty ratios [9]. Iron is the most 
suitable element for Boltzmann estimation, because it has lots of atomic emission lines 
having a wide range of the excitation energy and belonging to different spin 
multiplicities such as triplet, quintet, and septet, in a narrow range of wavelength. In the 
analysis of the iron atomic lines, we indicated that excited energy levels of iron atom 
above ca. 6 eV were more populated than a Boltzmann distribution among low-lying 
excited levels in an energy range of 3.4 – 4.6 eV, probably through stepwise 
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de-excitation processes from the higher energy levels [7,9]. More recently, Weiss et al. 
published that Boltzmann plots of titanium atomic lines produced a relatively consistent 
picture for their excitation channels, which were analyzed with a transition rate diagram, 
indicating that Boltzmann analysis could provide useful information on the excitation 
mechanism for atomic emission lines having relatively low excitation energies [10]. 
This chapter deals with Boltzmann plots for atomic emission lines of iron in 
6.78 MHz RF glow discharge plasma, and then compares them with previous results 
measured using conventional DC glow discharge plasma in GD-OES. The objective of 
this work is to elucidate how the excitation behavior of iron species is different or 






        A Grimm-style glow discharge source [12] and a spectrometer system for this 
research is described in Fig.2-1. 
        For analysis of Boltzmann distribution, 69 emission lines of the Fe I, whose 
excitation energies range from 3.3 to 6.9 eV [13], were chosen in a narrow wavelength 
range of 368–385 nm, so that any correction for the wavelength-dependent sensitivity 

















4s4p optical transitions [14]. The ground 
state of iron atom is a quintet energy level of 
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configuration and the excited energy levels belong to three different spin multiplicities: 
triplet, quintet, and septet [14]. In this chapter, two power modes, a 6.78-MHz RF and a 
DC power supply, were employed for the comparison in their excitation characteristics, 
when an RF power supply system was simply exchanged with a DC power supply 
(PAD1K-0.2 L, Kikusui Electronics Corp., Japan), as shown in Fig. 2-1. External 
discharge parameters for regulating DC-driven plasma are a voltage, a current, and a 
pressure of the plasma gas, whereas those for RF-driven plasma are forward and 
reflected powers, a applied root-mean-square voltage, and the peak voltage/current of 
the RF waveform, in addition to a pressure of the plasma gas [15]. In comparison of 
these different power-supply modes, it is usually employed to vary these electric 
parameters in a fixed value of the gas pressure, because both of the discharges can be 
stably maintained in a similar range of the gas pressure. A previous study in my 
laboratory is cited to indicate the result of the DC glow discharge plasma [7], where 
Boltzmann plots of Fe I lines were analyzed under the following conditions: a DC 
voltage range of 450–900 V at a fixed argon pressure of 530 Pa as well as an argon gas 
pressure range of 400–930 Pa at a fixed DC voltage of 600 V. In this paper, Boltzmann 
analysis in 6.78-MHz RF plasma is investigated under a similar pressure range of the 
plasma gas, by using the same excitation source as well as the same spectrometer 









2.3 Results and Discussion 
 
2.3.1 Self-bias voltage in 6.78-MHz RF glow discharge plasma 
Fig.2-2(a) shows a typical variation in the self-bias voltage as a function of 
the RF forward power when a 6.78-MHz RF plasma is produced at an argon pressure of 
670 Pa, indicating that the self-bias voltage is gradually raised from 300 to 460 V with 
increasing the RF forward power. Fig.2-2(b) shows an instance of an 
argon-pressure-dependence in the self-bias voltage at a fixed RF forward power of 70 W, 
where the voltage drops from 420 V to 310 V when the argon pressure is elevated. The 
self-bias voltage is an important parameter to control a driving force for the sputtering 
of the sample electrode as well as for accelerating the ejected electrons from it. The 
previous studies indicated that, in the case of a DC glow discharge, the plasma could be 
maintained stable in a range of the applied voltage from 450 V to 900 V at an argon 
pressure of 530 Pa [7,8]. Actual ranges of the discharge parameters, at which stable 
glow discharges could be initiated and sustained, were different between the 6.78-MHz 
RF and the DC plasmas; therefore, it was difficult to compare their emission 
characteristics even though the average electric powers for these plasmas were kept to 
be similar. A reason for this is that the RF plasma may be controlled by more 
complicated discharge parameters, relating to the waveform of RF voltage, compared to 
the DC discharge [3]. Also, the difference in the actual electric power between the RF 
and DC discharges possibly results from a loss of RF power from the electrodes [16]. In 
this study, the emission characteristics were investigated comprehensively within each 
appropriate range of the discharge parameters, because the intensity of an emission line 
can be compared as a common parameter even under various discharge conditions. It is 
important to note that the self-bias voltage in the RF plasma was about half as high as 
the cathode drop in the DC plasma, implying that charged particles would have smaller 





Fig.2-2 Variations of the self-bias voltage as a function of the radio-frequency (RF) 
forward power (a) and the argon pressure (b). The 6.78-MHz RF glow 
discharge plasma was maintained at a constant argon pressure of 670 Pa (a) or at a 




2.3.2 Boltzmann plots of Fe I lines 
In 6.78-MHz RF plasma, a typical result of the Boltzmann plot of the Fe I 
lines was obtained at a forward power of 70 W, as shown in Fig. 2-3. The emission 
intensities were estimated from triplicate measurements, in which the relative standard 
deviation (RSD) was 1.27% as an average value for all of the Fe I lines. A linear 
relationship clearly appears in an excitation energy range from 3.4 to 4.4 eV, where 25 
Fe I lines are all assigned to the optical transitions between quintet energy levels (the 
same spin multiplicity). The linear part had a negative slope of −3.3844 eV
−1
 whose 
correlation coefficient was −0.9953, and the standard error of the slope was calculated 
to be 0.1032 (3.1%) in the linear regression analysis. This linear Boltzmann plot implies 
that the corresponding excited levels may be populated by a dominant thermal process, 
such as collisions with thermalized electrons in the negative glow. On the other hand, 
the Boltzmann factors for 3 Fe I lines having an excitation energy of ca. 4.8 eV began to 
deviate from the straight line, and then plots in excitation energies of more than 5.6 eV 
did not follow the Boltzmann distribution at all. The excitation cross-section by electron 
collision depends on the type of total spin involved in the excitation, namely whether or 
not the corresponding excited level is optically forbidden [17]. In the energy levels of 
atomic iron, the triplet and septet excited levels, transitions of which are 
optically-forbidden to the ground state, might have a different behavior in the 
Boltzmann plot from the quintet excited levels (possible to be de-excited to the ground 
state), especially in a non-LTE condition. However, lots of quintet emission lines are 
also involved in the high-lying excitation energies of more than 5 eV, in addition to 
triplet and septet emission lines; nevertheless, any systematic variations, which may be 
attributed to the classification of the emission lines, are not observed but these emission 
lines are generally enhanced beyond the intensity level of the Boltzmann plot. Therefore, 
it is considered that the high-lying excited levels, independent of the spin multiplicity, 
would be populated in a different manner from the low-lying excited levels. All of these 
higher excited levels looked to be over-populated, when the linear relationship on the 
lower energy side was extrapolated towards higher excitation energies. Therefore, there 
would be any other excitation channels for the higher-lying excited levels, differing 
from the excitations for the lower-lying excited levels, and thus the corresponding 
process should be non-thermal. A previous study found a similar excitation-energy 
dependence of the Boltzmann plot for iron atomic lines in DC glow discharge plasma 
[7]. It is important to notice that the characteristic of the Boltzmann plot in the 6.7 MHz 
RF plasma is almost the same as that in the DC plasma. 
The excitation temperature in the 6.98-MHz RF plasma can be estimated from 
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a slope of the linear part, the excitation energy of which ranges from 3.3 to 4.3 eV in the 
Boltzmann plot. The temperature is probably determined by the average kinetic energy 
of energetic particles in the negative glow. Fig.2-4 shows a variation in the excitation 
temperature as a function of the forward power at an argon pressure of 670 Pa, 
indicating that it was in a narrow range of 3400–3500 K even when the RF power was 
varied in a wide range. The correlation coefficients of the linear regression for their 
Boltzmann plots were obtained to be −0.9953 at 60 W, −0.9953 at 70 W, −0.9954 at 80 
W, −0.9947 at 90 W, and −0.9933 at 100 W. Therefore, these plots followed each linear 
relationship regardless of the RF power because the coefficients were very close to unity. 
Deviations of the excitation temperature were calculated from the standard error of their 
slopes in the excitation range of 3.3 – 4.3 eV in linear regression analysis. Their error 
ranges were ± 65 K at 60 W, ± 65 K at 70 W, ± 65 K at 80 W, ± 71 K at 90 W, and ± 80 
K at 100 W, indicating an evidence that the temperatures could be determined with 
small deviations. Previous study in my laboratory has reported the excitation 
temperature in the case of DC glow discharge plasma within a voltage range in which 
stable discharges are maintained, through a similar procedure to the 6.78-MHz RF 
plasma [7]. The resultant temperatures for the Fe I lines were slightly elevated from 
3350 to 3500 K with increasing applied DC voltage [7]. Indeed, they were in a similar 
range (ca 3500 K) even though the glow discharge was driven in two different power 
modes by using 6.78-MHz RF and DC power supplies.  
On the other hand, the data plots in excitation energies of more than 4.8 eV 
deviated from the straight line, and thus they did not follow the Boltzmann statistics 
among the low-lying excited energy levels, as shown in Fig. 2-3. When the linear 
relationship among the low-lying excited levels is extrapolated towards higher 
excitation energy, a degree of deviation from the extrapolated line is estimated by 
defining an enhancement factor (EF) as follows [18]: EF = Iobs / Ibolz, where Iobs and Ibolz 
are the observed and the extrapolated emission intensity of an iron atomic line, 
respectively. A typical semi-log plot of the enhancement factor for the Fe I lines as a 
function of the excitation energy is indicated in Fig.2-5. The EF value should be unity 
for all the Fe I lines if their excitations completely follow the Boltzmann distribution 
among the low-lying excited levels; therefore, the EF roughly represents an extent of 
any additional excitation for the high-lying excited levels. A large overpopulation of 
high-lying excited levels close to the ionization limit of iron atom was observed, to such 
a degree that their EFs exceeded 200. Further, the dependence of the log (EF) on the 
excitation energy was roughly fitted on a straight line having a positive slope (see Fig. 
2-5). Fig.2-6 shows a variation in slope values in the linear relationship of the log (EF) 
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versus the excitation energy as a function of the forward power in the RF plasma. The 
slope values were almost unchanged with increasing RF power and they remained to be 
about 1.1. Therefore, contribution of the step-wise de-excitation process would occur to 
a constant extent, in the case of the 6.78-MHz RF glow discharge plasma. In a DC 
operation, the slope value had been measured similarly in a previous paper [7]. The 
resulting slope values were slightly reduced in a narrow range from 1.15 to 1.05 eV
−1
 
with increasing discharge voltage. However, these values were very similar to those in 
the RF operation. 
Fig.2-7 shows a variation in the excitation temperature as a function of the 
argon pressure in 6.78-MHz RF plasma. In this experiment, the forward power was 
fixed to be at 70 W. The statistical evaluation was as the following: the correlation 
coefficients of the linear regression were estimated to be −0.9949 at 530 Pa, −0.9946 at 
670 Pa, −0.9948 at 800 Pa, −0.9951 at 930 Pa, and −0.9938 at 1200 Pa. The error bars 
were ± 67 K at 530 Pa, ± 70 K at 670 Pa, ± 69 K at 800 Pa, ± 69 K at 930 Pa, and ± 81 
K at 1200 Pa. The temperature became almost constant in a range between 3400 and 
3700 K with an increase in the argon pressure. This result may be a little surprising, 
because the overall density of energetic electrons should be elevated along with 
increased collisions with argon gas. In fact, the net intensity of all the iron lines was 
larger with increasing the argon pressure. This result implies that the kinetic-energy 
distribution of ultimate electrons in the negative glow region would be less varied, even 
though the pressure of argon is widely varied. Also in DC plasma, a pressure 
dependence of the excitation temperature has been obtained, so that it is gradually 
elevated from 3300 to 3550 K with increasing discharge voltage [7]. A slight elevation 
of the excitation temperature was observed in the DC plasma; however, the effect was 
fairly limited and also the difference in the excitation temperature was very small 
between the RF and DC plasmas. Fig.2-8 indicates a variation in slope values in the 
linear relationship of the log (EF) versus the excitation energy, which is estimated with 
the same procedure as in Fig.2-6, as a function of the argon pressure in the 6.78-MHz 
RF plasma. In the RF plasma, the slope value remained to be ca. 1.15 even when the 
argon pressure increased. On the other hand, it has been reported that it is slightly 
reduced from 1.18 to 1.01 in the case of DC plasma [7]. Therefore, contribution of the 
non-thermal excitation process would occur to a constant extent in the 6.78-MHz RF 
plasma, whereas this contribution would become slightly smaller in the DC plasma 






Fig 2-3. Boltzmann plot for iron atomic lines in a 6.78-MHz radio-frequency (RF) glow 
discharge plasma when the RF forward power and the argon pressure was set to be 
70 W and 670 Pa, respectively. Each value of the Boltzmann plot was calculated from 





Fig.2-4 Variation in the excitation temperature in a 6.78-MHz radio-frequency 
(RF) glow discharge plasma when the RF forward power was varied from 60 to 100 W. 
The temperature was estimated from a linear relationship of the Boltzmann plot for the 
iron atomic lines in an excitation-energy range of 3.3–4.4 eV, as indicated in Fig.2-3. 
Error bars were estimated from the standard error of the slope value in linear regression 





Fig.2-5 Semi-log plot of an enhancement factor for iron atomic lines as a function of the 
excitation energy. The enhancement factor was defined by a ratio of the observed 
intensity to the expected intensity extrapolated from the linear part of the Boltzmann 






Fig.2-6 Slope of the linear regression line in the semi-log plot of the enhancement factor, 
expressed as a straight line in Fig. 2-5 , when the radio-frequency forward power was 
varied from 60 to 100 W. Linear relationships of the semi-log plot, such as Fig. 2-5, 
were observed at different RF forward powers. Error bars were estimated from the 





Fig.2-7 Variation in the excitation temperature in a 6.78-MHz radio-frequency 
(RF) glow discharge plasma when the argon pressure was varied from 530 to 1200 Pa. 
The RF forward power was fixed to be 70 W. The temperatures and their error bars were 






Fig.2-8 Slopes of the linear regression line in the semi-log plot of the enhancement 
factor, in the excitation energies of 4.8–6.9 eV, when the argon pressure was varied from 
530 to 1200 Pa. The slope values and their error bars were estimated by using the same 




2.3.3 Consideration of the excitation mechanism 
With respect to the low-lying excited levels, their excitations are caused 
probably by collisions with ultimate electrons, which have relatively low kinetic energy 
but occupy a majority of electrons in the plasma, and also fast ions and atoms in the 
negative glow region contribute to such collisions [19, 20]. It should be noted that the 
difference in the excitation temperature was very small between the RF and DC plasmas. 
Accordingly, the kinetic-energy distribution of the colliding partners, such as ultimate 
electrons, in the negative glow region would be similar to each other, under the 
condition that the pressure of argon was varied in a similar range. 
With respect to the high-lying excited levels, their over-population behaviors 
would support a spontaneous radiative de-excitation process after the 
electron-recombination of iron ions, which are produced through any non-thermal 
process such as Penning-type ionization with argon metastables. The sequence of these 
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means a ground state and a metastable state, respectively. The Penning-type ionization 
is reported to be a major non-thermal process occurring in glow discharge plasma [21]. 
My observation implies that such excitations for the high-lying levels could occur 
beyond direct excitation processes with electron collision and to a similar extent 
between the RF and DC plasmas. 
A collisional-radiative rate model was applied to investigate the excitation 
mechanism in plasmas, which successfully explained the population distribution of 
various excited states in inductively-coupled plasma [22]. Weiss et al. published 
scientific papers in which excitation channels of manganese atom/ion were analyzed in 
glow discharge plasma using several gases, based upon a transition rate diagram [23, 
24]. They indicated that the excitation of low-lying excited levels of manganese atom, 
relating to the resonance atomic lines, was caused by collisions with electrons in the 
negative glow and/or by fast heavy particles in the region close to the cathode, and that 
there were particular / selective channels for the cascade decay after higher excitation 
levels of manganese atom were directly excited, depending on the spin multiplicity [23]. 
In my analysis on the Boltzmann plot of iron atom, the high-lying excited levels seemed 
to be excited/de-excited almost independent of the spin multiplicity, even though these 
excited levels belonged to several different spin multiplicities. A possible explanation 
for this is that all of the low-lying excited levels have the same spin multiplicity 
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(quintet), and that iron atom has so many de-excitation channels among high-lying 
excited levels, which are derived from complicated splitting of energy levels just below 
the ionization limit. In addition, the transition probabilities for several emission lines 
from high-lying levels were reported with relatively large uncertainties in the database 
(they were ranked as ‘D’ which meant the uncertainty within 50%) [13]. This might be a 
reason why any effect concerning the spin configuration is not recognized to an extent 
that it can be clearly read in the Boltzmann plot. For the present study, I note an 
experimental result that the high-lying excited levels are generally over-populated 
beyond the uncertainty factors, and I consider that the major reason would be their 
step-wise de-excitations as a spontaneous process occurring after the electron 






The Boltzmann characteristics for Fe I emission lines were investigated in a 
6.78-MHz RF glow discharge plasma, in comparison with a conventional DC plasma, 
when a Grimm-style excitation source, was employed. Their Boltzmann plots 
demonstrated that the excitation phenomenon was controlled in a different manner 
depending on the excitation energy of emitting species. However, the fundamental 
process occurred to be analogous between these different power supply modes. A 
thermal excitation mechanism worked dominantly for excitations of low-lying excited 
levels of iron atom, so as to follow a Boltzmann distribution, which would occur in the 
negative glow region through collisions with ultimate electrons. The excitation 
temperature was in a narrow range of 3400 – 3600 K, which was hardly affected by the 
forward RF power and the argon pressure in the discharge chamber, and the temperature 
was in a similar range in the DC glow discharge plasma. This result probably implied 
that glow discharge plasma could be supported by a self-stabilized negative glow region 
in which the kinetic energy of electron would be determined under a uniform potential 
distribution [25], and eventually this region would be less affected by external discharge 
parameters as far as a stable glow discharge can be maintained not only in the DC 
plasma but in the RF plasma. An additional excitation, which would be derived from 
step-wise de-excitation channels after Penning-type ionization of iron atom, resulted in 
overpopulation in the energy levels having higher excitation energies, thus causing a 
positive deviation from the normal Boltzmann distribution. Whereas the high-lying 
excited levels seemed to be over-populated, any selective channel for de-excitations 
among them was not observed in the Boltzmann plot. This overpopulation occurred to a 
similar extent between the 6.78-MHz RF plasma and the DC plasma. These results 
suggested that glow discharge plasma could be supported by a self-stabilized negative 
glow region, where the kinetic energy distribution of the particles was not changed so 
largely by the discharge parameters in the RF and DC plasmas, as far as a stable 
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This chapter describes Boltzmann plots for both atomic and ionic emission 
lines of iron in an argon glow discharge plasma driven by 6.78-MHz radio-frequency 
(RF) voltage in a pulsed operation, in order to discuss how the excitation/ionization 
process is affected by the pulsation [1]. For this purpose, a pulse frequency as well as a 
duty ratio of the pulsed RF voltage was selected as the experimenter parameters. A 
Grimm-style radiation source was employed as the excitation/emission source. A 
Boltzmann plot for low-lying excited levels of iron atom was investigated when the 
pulse frequency as well as the duty ratio was varied. This observation suggested that the 
RF plasma could be supported by a self-stabilized negative glow region, where the 
kinetic energy distribution of the electrons would be changed to a lesser extent. 
Additional non-thermal excitation processes, such as a Penning-type collision and a 
charge-transfer collision, led to deviations (overpopulation) of particular energy levels 
of iron atom or iron ion from the normal Boltzmann distribution. However, their 
contributions to the overall excitation/ionization were not altered so greatly, when the 
pulse frequency or the duty ratio was varied in the pulsed RF glow discharge plasma. 
 
3.2 Experimental 
The measuring system is the same as the one used in Chapter 2. The RF 
power was conducted from a matching circuit (MB-300, Yamamoto Vinita Co. Ltd., 
Japan) to the back of the sample electrode, while the hollow-anode as well as the lamp 
body were grounded [2]. The matching circuit was connected with a 6.78-MHz RF 
power generator (RF-300, Yamamoto Vinita Co. Ltd., Japan) with a coaxial cable. The 
forward power was fixed at 70 W in the continuous mode and the power of 70 W was 
controlled on a directional wattmeter in the pulsed mode, while the reflected power was 
able to be controlled to be less than 0.2 W in all the measurements. The pulsed mode 
was conducted with a function generator (AFG-2005, TEXIO Technology Corp., Japan), 
where the frequency ranges from 0 (continuous) to 617 Hz at a duty ratio of 50%, and 
further, the duty ratio of a square wave was varied from 10 to 50% at a pulse frequency 
of 77 Hz. In the pulsed discharge, a time-averaged value of the self-bias voltage 
(effective value) was measured on a digital voltmeter (DME1500, Kikusui Electronics 
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Corp., Japan) at a time constant of about 1 s, after the RF component was separated 
through a low-pass filter circuit having a cut-off frequency of 80 kHz [2].  
An iron plate (99.8% purity) was prepared as the sample. It was polished with 
water-proof emery papers (No.180 - No.600) and then rinsed with ethanol. Before the 
measurement, pre-discharge was carried out for 5–10 min to remove the surface 
contaminants. After evacuating down to 1.3 Pa in the discharge chamber, 
high-purity argon was introduced with a gas pressure maintained during the 
measurement. The pressure of the plasma gas was measured with a Pirani gauge, whose 
readings had been corrected for argon gas, at the vacuum port of the discharge chamber. 
A monochromator-based spectrometer equipped with a photomultiplier 
(P-5200, Hitachi Ltd., Japan) was employed for the emission measurement [3]. The 
focal length is 0.75 m and the grating has 3600 grooves/mm at a blaze wavelength of 
200 nm, yielding a reciprocal linear dispersion of 0.29 nm/mm. The emission signal was 
averaged through a low-pass filter circuit having a time constant of ca. 1 s. Emission 
lines for analysis of the Boltzmann distribution, the atomic lines (Fe I) [4] and the ionic 
lines (Fe II) [5], have already been listed in the previous papers. 42 emission lines of the 
Fe I, whose excitation energies range from 3.3 to 6.9 eV, were chosen in a wavelength 

















4s4p optical transitions [7]. 
The ground state of iron atom is the energy level of 
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configuration. In the Fe II lines, I selected a set of the ionic lines in a wavelength range 
of 234 – 264 nm, comprising 88 emission lines having excitation energies from 4.7 to 















 optical transitions [7]. The 3d
6
4s electron configuration gives the 
ground state of iron ion, including the lowest energy level of 
6
D9/2 (0.00 eV). Any 
correction for the wavelength-dependent sensitivity of the spectrometer system was not 
needed within each narrow wavelength range of the Fe I and Fe II lines. 
For comparison, previous papers regarding a DC glow discharge plasma are 
cited [4], [5], where the analysis of the Boltzmann plots has been carried out at an argon 
pressure of 530 Pa in a DC voltage range of 500 – 900 V. The Boltzmann analysis in the 
DC plasma has been carried out using the same experimental setup for the excitation 
source as well as spectrometer system as that of this study in the 6.78-MHz RF plasma. 
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3.3 Results and Discussion 
 
3.3.1 Structure of the glow discharge plasma and the excitation phenomena 
        A glow discharge lamp working under the obstructed glow conditions [8] is 
generally employed as an excitation source for atomic emission spectrometry; the 
Grimm-style glow discharge lamp, comprising a hollow anode and a planar cathode, is a 
typical instance [2]. The obstructed glow plasma can be represented with a simplified 
structure model, which includes only a negative glow region, a cathode dark space 
region, and an anode dark space region, as illustrated in Fig.3-1 [8], [9]. In this model, 
the negative glow occupies a great part of the discharge body and very narrow dark 
spaces are adjacent to each electrode. The lower diagram of Fig.3-1 indicates the 
potential distribution schematically when a negative DC voltage is applied to the 
discharge lamp with the anode electrode grounded. A uniform potential distribution 
appears in the negative glow region, having a constant voltage called a plasma potential 
(typically 10 V), whereas most of the applied voltage appears in the cathode dark space, 
called a cathode drop (almost equal to the supplied voltage) [8]. This distribution means 
that, when an ambipolar diffusion takes place in the plasma body, a large difference in 
the mobility between electron and ion leaves a slightly positive plasma potential against 
the anode; therefore, electrons having low kinetic energies cannot move into the anode 
electrode through the anode dark space region. The effect eventually contributes to a 
self-stabilized plasma body [8]. 
        Glow discharge produces a so-called ‘cold plasma’, which means that the 
kinetic energy of gas species in the plasma is fairly low and thus the gas temperature is 
much lower than the electron temperature, being not in the LTE condition. This effect is 
principally because the glow discharge is generally generated under reduced pressures; 
therefore, while electrons can receive the kinetic energy from the electric field 
directly, collisions with the energetic electrons do not occur to cause the energy 
transfer to the gas particles sufficiently. It is important to understand the behavior of 
electrons in the glow discharge plasma. Capman classified the electrons into three 
groups: primary electron (gamma electrons), secondary electrons, and ultimate electrons 
(glow electrons) [10]. Since a negative potential corresponding to the cathode drop is 
applied to the cathode, an strong electric field is produced in the cathode dark space 
region; therefore, electrons emanated from the cathode, called gamma electrons, are 
accelerated by the electric field in the cathode dark space and subsequently the electrons 
having larger kinetic energy are introduced into the negative glow region. Then, the 
energetic electrons collide with gas atoms to cause their ionization and eventually to 
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produce secondary electrons. As a result of collision cascade with various kinds of 
electrons, a large number of electrons having relatively low kinetic energies are 
produced in the negative glow region. Low-energy electrons insufficient to overcome 
the plasma potential become repelled back towards the negative glow region not only by 
the cathode dark space field but also by the anode dark space field; therefore, these 
electrons seem to be trapped and migrated in the negative glow region, which are 
known as ultimate electrons [10]. The ultimate electrons are populated more largely in 
the glow discharge plasma, but their kinetic energies are much lower, as compared to 
the population and the energy of the primary electrons. An RF-driven glow discharge 
has a similar plasma structure to the DC plasma; in this case, a negative DC potential, 
called a self-bias voltage, is produced near the electrode loaded by an RF power, as a 
consequence of charging of the electrostatic capacity, which is produced in the plasma 
body and the blocking condenser [10], [11]. The self-bias voltage accelerates electrons 
from the loaded electrode towards the negative glow region, like the cathode drop in the 
DC plasma. 
        As shown in Fig.3-1, the cathode surface is bombarded by positive ions which 
are accelerated by the electric field in the cathode dark space, thus causing the cathode 
materials to be ejected from the surface, called cathode sputtering. The sputtered atoms 
are ionized and excited through various types of collisions in the plasma, to emit the 
characteristic radiation in GD-OES. Collisions with electrons can produce 
excited/ionized species of the sputtered sample atoms as well as the plasma gas by the 
kinetic energy transfer from the electrons, which is named the collision of first kind [8]. 
The electron collisions occurring in the glow discharge plasma would be roughly 
classified into two categories; one is a collision with a primary electron and the other is 















 (ultimate electron) → M* + e- (ultimate electron)    (3-2) 
  
where M is an atom of the plasma gas or the cathode sample and the asterisk means an 
excited state. In the case of Eq. (3-1), the kinetic energy of the primary electron is too 
large to cause the excitation/ionization of metallic elements efficiently, because a large 
difference between the kinetic energy (several hundred eV) and the excitation energy of 
metallic elements (several eV) would lead to lower cross-section in their collisions. 
44 
 
Therefore, the primary electrons may run away to the anode surface without any loss of 
the kinetic energies; nevertheless, they become a primary source needed to maintain the 
glow discharge, such as ionization of the plasma gas. On the other hand, collisions with 
ultimate electrons, denoted in Eq. (3-2), may provide the kinetic energy suitable for 
excitation of metallic elements to cause the intense radiation from the negative glow 
region. Since the ultimate electrons occupy larger parts of electrons in the negative glow 
region [10], the average kinetic energy of them could determine the emission 
characteristics of spectral lines in a range of the excitation energy that the electron 
collisions can provide, and then they would follow a Boltzmann distribution based on 
the kinetic-energy distribution of ultimate electrons. 
Although the kinetic energy of the ultimate electrons may not be high enough to obtain 
high-lying excited species through their collisions in the plasma, a variety of emission 
lines, which are derived from singly-ionized atoms as well as neutral atoms, are 
observed in the spectra excited from glow discharge plasmas [12]. The spectra include 
characteristic ionic lines whose excitations are dominantly determined by the kind of the 
plasma gas, such as argon, neon, and helium [13], [14], [15], [16]. This effect suggests 
that there is any excitation mechanism being particular in glow discharge plasmas, 
which is selective and thus does not follow a Boltzmann distribution. Several elements 
have particular ionic emission lines having very strong intensity in GD-OES. Steers et 
al. first reported that the Cu II 224.70-nm line had very high emission intensity in argon 
glow discharge plasma, which was a typical example for the selective excitation [17]. 
This excitation can be caused through a charge transfer collision between Ar ion and Cu 






 → M+* + Arg + ΔE                   (3-3) 
 
where the superscripts 
g
 and ⁎ means a ground state and an excited state, respectively, 
and ΔE is the energy difference before and after the collision. The charge transfer 
collision is most likely to take place when the surplus energy ΔE is very small (typically 
less than 0.1 eV), to fulfill the condition for an energy resonance [18], [19]. In the case 
of iron ion, particular excited energy levels to be selectively ionized/excited were 
principally determined by the kind of the plasma gas, because the gas species had to 
provide the internal energy just corresponding to the sum of their excitation energies 
and the ionization potential of iron [20]. 
Furthermore, a Penning-type collision with gas species in the metastable 








 → M+* + Arg + e-                    (3-4) 
 




, and ⁎ means a ground state, a metastable state, and an 
excited state, respectively. The collisions denoted in Eqs. (3-3), (3-4) are classified into 
a collision of the second kind [8], and they are characterized by a non-thermal reaction 
in which the kinetic energy is not consumed but the internal energy is transferred 
between the colliding partners. Therefore, these reactions would give an emission 





Fig.3-1. A schematic diagram of a glow discharge plasma representing the 




3.3.2 Variation of emission intensity in pulsed mode 
        I measured the net emission intensity of several intense Fe I lines, when the 
pulse frequency and the duty ratio were individually varied in a pulsed RF discharge of 
6.78 MHz. In this measurement, the RF generator supplied a forward power of 70 W 
while the argon pressure was fixed at 670 Pa. Fig.3-2 shows a variation in the emission 
intensities, which were estimated through a smoothing treatment by using a low-pass 
filter having a time constant of ca. 1 s, as a function of the modulation frequency of the 
RF voltage. Fig.3-3 shows a variation in the effective self-bias voltage under the same 
measuring conditions as Fig.3-2. The emission intensities were greatly reduced when 
the voltage mode was switched from continuous to a pulsed operation, and then they 
gradually recovered with an increase in the pulse frequency. A large drop of the 
effective self-bias voltage, from 350 V to 200 V, was initially observed in the pulsed 
mode, and then the self-bias voltage returned to a certain extent at higher pulse 
frequencies. These phenomena implied that the time-averaged RF power directly loaded 
to the sample electrode was reduced by pulsating the RF voltage, eventually to decrease 
the sputtering amount of the iron sample. Fig.3-4 and Fig.3-5 indicate variations in the 
emission intensity of the Fe I lines and the effective self-bias voltage, when the duty 
ratio is varied from 10 to 50% at a pulse frequency of 77 Hz. The net emission 
intensities became monotonously reduced at lower duty ratios, along with the decrease 
in the self-bias voltage, which would be directly attributed to a decrease in the effective 
RF power. The emission characteristics of the Fe I lines were changed in the pulsed RF 
discharges, possibly because of both the sputtering and the excitation conditions. 
However, it is not clear how the excitation conditions were individually affected (or not 
affected) by pulsating the RF voltage in the glow discharge plasma. In the following 
sections, a Boltzmann distribution among excited energy levels of iron will be discussed 





Fig.3-2 Variations in the net emission intensity of Fe I 373.485 nm (4.178 eV) (circle), 
Fe I 373.712 nm (3.368 eV) (square), and Fe I 374.556 nm (3.396 eV)(triangle), as a 
function of the pulse frequency in a pulsed 6.78-MHz RF glow discharge plasma. The 
plasma was maintained at a forward RF power of 70 W (effective value) and at a duty 




Fig.3-3 Dependence of the effective self-bias voltage on the pulse frequency. The 





Fig.3-4 Variations in the net emission intensity of the iron emission lines as a function 
of the duty ratio when the 6.78-MHz RF plasma was pulsated at a frequency of 77 Hz. 





Fig.3-5 Dependence of in the effective self-bias voltage on the duty ratio. The operating 





3.3.3 Boltzmann plots of Fe I lines 
Fig.3-6 shows a Boltzmann plot of the Fe I lines in a pulsed 6.78-MHz RF 
plasma at a pulse frequency of 77 Hz. The emission intensities were estimated from 
triplicate measurements. The emission intensities could be measured with good 
precision, the average values of the relative standard deviation of which were 1.2% for 
23 Fe I lines having excitation energies of 3.4–4.4 eV and 3.1% for 19 Fe I lines of 
more than 4.7 eV. Therefore, each error bar was in most cases included in the circle 
symbol used to mark the experimental data points. The Boltzmann factors for the Fe I 
lines in an excitation energy range from 3.4 to 4.4 eV well followed a linear relationship 
with a negative slope of − 3.424 whose correlation coefficient was − 0.9957, and the 
standard error of the slope was calculated to be 0.0697 (2.0%) in the linear regression 
analysis. This linear relationship of Boltzmann plot implies that these excited levels are 
populated by a dominant thermal process, being in an LTE condition. The LTE 
condition is generally obtained as a result of frequent collisions with energetic particles, 
which would follow a Maxwell-Boltzmann distribution, to give their kinetic energies 
to iron atoms in the plasma. In this case, various collisions with the ultimate electrons 
occurring in the negative glow region are the most probable excitation mechanism in the 
negative glow region, as denoted in Eq. (3-2). In this situation, one can define an 
excitation temperature that is principally determined by the average kinetic energy of 
the ultimate electrons in the negative glow. On the other hand, the Boltzmann factors 
for 3 Fe I lines having excitation energy of ca. 4.8 eV began to deviate from the straight 
line, and then plots in excitation energies of more than 5.6 eV did not follow a 
Boltzmann statistics at all. All of these higher excited levels looked to be populated 
more largely than expected values from the Boltzmann distribution, when the linear 
relationship on the lower energy side was extrapolated towards higher excitation 
energies, as indicated with a dotted line in Fig.3-6. Therefore, there would be any 
additional excitation channels for the excited levels having excitation energies of more 
than 5.6 eV, and the corresponding process should be non-thermal one by which their 
excited levels can be directly populated, except for collisions with the ultimate electrons. 
The characteristics of Boltzmann plots in the 6.7 MHz RF plasma were almost the same 
as those in a DC plasma [4]. Iron ions, which are excessively produced through 
non-thermal collisions such as Penning-type ionization beyond the Boltzmann 
equilibrium, subsequently recombine with electrons, and then stepwise radiative 









This process may cause an overpopulation of the energy levels having higher excitation 
energies. 
The excitation temperature in the pulsed RF plasma can be estimated from a 
slope of the linear part, the excitation energy of which ranges from 3.3 to 4.3 eV in the 
Boltzmann plot. Fig.3-7 shows a variation in the excitation temperature as a function of 
the pulse frequency in the pulsed glow discharge plasma, indicating that it was in a 
narrow range of 3300–3400 K even when the pulse frequency was changed. The 
correlation coefficients of the linear regression for their Boltzmann plots were obtained 
to be − 0.9967 at 0.0 Hz, − 0.9947 at 39 Hz, − 0.9957 at 77 Hz, − 0.9958 at 154 Hz, 
− 0.9890 at 308 Hz, and − 0.9975 at 617 Hz; therefore, these plots followed each linear 
relationship regardless of the pulse frequency because the coefficients were very close 
to unity. Deviations of the excitation temperature were calculated from the standard 
error of their slopes in the excitation range of 3.3–4.3 eV. Their error ranges were 
± 60 K at 0.0 Hz, ± 81 K at 39 Hz, ± 69 K at 77 Hz, ± 68 K at 154 Hz, ± 107 K at 
308 Hz, and ± 51 K at 617 Hz, in the case where the temperatures could be determined 
with small deviations. A previous study regarding DC glow discharge plasma reported 
that the excitation temperature of the Fe I lines was slightly elevated from 3350 to 
3500 K with increasing applied DC voltage [4]. It should be noted that the excitation 
temperature was in a similar range (ca 3400 K) even though the glow discharge was 
driven in two different modes by using 6.78-MHz RF and DC power supplies. 
Furthermore, Fig.3-8 shows a variation in the excitation temperature when different 
duty ratios are selected at a pulse frequency of 77 Hz, and then the excitation 
temperature became almost unchanged (ca. 3350 K), whereas the net emission 
intensities were drastically reduced at lower duty ratios (see Fig.3-4). 
On the other hand, the data plots in excitation energies of more than 4.8 eV 
deviated from the straight line, and thus they did not follow the Boltzmann statistics 
among the low-lying excited energy levels, as shown in Fig.3-6. When the linear 
relationship on the lower energy side was extrapolated towards higher excitation energy, 
as denoted by a dotted line in Fig.3-6, deviations of the data points over 4.8 eV from the 
extrapolated line were estimated by defining an enhancement factor (EF) as 
follows [21]: EF = Iobs / Ibolz, where Iobs and Ibolz are the observed and the extrapolated 
emission intensity of an iron atomic line, respectively. Fig.3-9 shows a semi-log plot of 
the enhancement factor for the Fe I lines as a function of the excitation energy of the 
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upper energy level in the pulsed RF plasma at a pulse frequency of 77 Hz. Such plots 
should have a relationship in which the EFs for all emission lines are unity, if their 
excitations fully follow a Boltzmann distribution being effective for the low-lying 
excited levels; therefore, contribution of the additional excitation for the high-lying 
excited levels is roughly estimated with the EF. A large overpopulation of high-lying 
excited levels close to the ionization limit of iron atom, such that their EFs could exceed 
200, was observed. Further, the dependence of the log (EF) on the excitation energy 
could be represented with a straight line having a positive slope (see Fig.3-9), which 
would support a spontaneous radiative de-excitation process after the recombination of 
iron ion, as depicted in Eq. (3-5). Fig.3-10 shows a variation in slope values in the linear 
relationship of the log (EF) versus the excitation energy as a function of the pulse 
frequency in the pulsed RF plasma. The slope values were changed to be slightly lower 
with increasing pulse frequencies, but their variations remained in a narrow range from 
1.1 to 0.95; therefore, contribution of the step-wise de-excitation process would occur to 
a constant extent, in the case of the pulsed operation in the 6.78-MHz RF glow 
discharge plasma. In a DC operation, the slope value had been measured similarly in the 
previous paper [4] and the resulting slope values remained unchanged (ca. 1.1) 





Fig.3-6 Boltzmann plot for the iron atomic lines in a pulsed RF glow 
discharge plasma when the forward power was 70 W (effective value) and the pulse 






Fig.3-7 Variation in the excitation temperature as a function of the pulse frequency in 
the pulsed RF glow discharge plasma. The temperature was estimated from a linear 
relationship of the Boltzmann plot for the Fe I lines in an excitation-energy range of 
3.3–4.4 eV, as indicated in Fig.3-6. The error bars were estimated from the standard 





Fig.3-8 Variation in the excitation temperature as a function of the duty ratio in the 
pulsed RF glow discharge plasma at a pulse frequency of 77 Hz. The temperature was 
determined under a similar procedure to Fig.3-7. The error bars were estimated from the 





Fig.3-9 Common-logarithm plots of the enhancement factor, which was defined by a 
ratio of the observed intensity to the expected intensity extrapolated from the linear part 
of the Boltzmann plot, as a function of the excitation energy. The Boltzmann factors 





Fig.3-10 Dependence of the slope of linear regression over an excitation-energy range 
of 4.8–6.9 eV in the semi-log plot of the enhancement factor, expressed as a straight line 
in Fig.3-9, on the pulse frequency in the pulsed RF glow discharge plasma. The error 
bars were estimated from the standard error of the slope value in linear regression 




3.3.4 Boltzmann plots of Fe II lines 
Fig.3-11 shows a Boltzmann plot of the Fe II lines in the pulsed RF glow 
discharge plasma at a pulse frequency of 77 Hz. The emission intensities were estimated 
from triplicate measurements, and their relative standard deviations ranged from 0.1 to 
3.8% except for a few faint emission lines. Therefore, each error bar was in most cases 
included in the circle symbol used to mark the experimental data points. The data points 
in an excitation energy range from 4.7 to 5.6 eV roughly followed a linear relationship, 
with a negative slope of − 1.1592 whose correlation coefficient was − 0.7541, although 
these plots are at relatively large variance. It is difficult to define an excitation 
temperature from these data of the Fe II lines due to the lower correlation coefficient. 
Collisions with energetic electrons are a probable excitation process, which may be 
caused in the cathode dark space with primary electrons and in the negative glow region 
with various types of electrons, as depicted in Eqs. (3-1), (3-2), and they can result in a 
Boltzmann distribution for Fe II emission lines. On the other hand, the data points in 
excitation energies of more than 7.4 eV did not follow the Boltzmann distribution. 
Almost all of the higher excited levels are much overpopulated in comparison to the 
distribution among the low-lying energy levels, when the linear relationship on the 
lower energy side is extrapolated towards higher excitation energies, as denoted with a 
dotted line in Fig.3-11. Therefore, there could be any additional excitation process for 
the excited levels having higher excitation energies in addition to the electron collisions. 
The previous paper has reported a similar phenomenon regarding the Boltzmann factors 
of Fe II emission lines in a DC glow discharge plasma [5], which is principally 
attributed to a charge transfer collision with argon ion, as denoted in Eq. (3-3). The 
Boltzmann plot is largely deviated so that the distribution on the higher energy side has 
maximum peaks at an excitation energy of ca. 7.7 eV, and this maximum peaks are 
derived from the Fe II 257.297-nm and the Fe II 258.111-nm lines, because the 
corresponding excited levels can be selectively populated due to the spin conservation 
rule as well as coincidence of their excitation energies with the ionization energy of 
argon [5].  
With a similar procedure to analysis of the Fe I lines (see Fig.3-9), the 
enhancement factor (EF) for the Fe II lines is calculated and then plotted against the 
excitation energy. Fig.3-12 shows variations of the EF with the pulse frequency for 
several Fe II emission lines, clearly indicating that the EFs become almost unchanged 
and thus contribution of the charge-transfer collisions would be hardly affected by the 




3.3.5 Intensity ratio of Fe II to Fe I lines 
The emission intensity ratio of an Fe I line to an Fe II line having almost the 
same excitation energy, which are located in the Boltzmann distribution, should be 
determined by a degree of the ionization even when the excitation temperature changes. 
This concept can be applied to the measurement of a ratio in the number density of ionic 
to atomic states of iron in the pulsed 6.78-MHz RF plasma; if a pair of iron atomic and 
ionic lines having almost the same excitation energy can be selected, the intensity ratio 
would be directly proportional to the ion-to-atom ratio of iron, independent of the 
characteristic temperature of the plasma. For this purpose, several line pairs of atomic 
and ionic emission lines, which had similar excitation energies in their upper energy 
levels, were selected as follows: Fe II 259.938 nm (4.768 eV), Fe II 261.188 nm 
(4.793 eV), Fe I 382.783 nm (4.795 eV), and Fe I 384.106 nm (4.835 eV) [6], [7]. 
Fig.3-13 shows a variation in several intensity ratios when the pulsed 
frequency is varied from 0 to 617 Hz in the pulsed RF plasma. The ion-to-atomic 
intensity ratios were gradually reduced with an increase in the pulse frequency, whereas 
the atomic-to-atomic line ratio became almost unchanged, meaning that the relative 
population of the ion species decreased in the pulsed operation, such that the ionization 
of iron might be suppressed. A possible reason for this is that the kinetic energy of 
primary electrons becomes cyclically varied in the pulsed operation to decrease the 
effective bias voltage, as indicated in Fig.3-3, which eventually lowers the ionization 





Fig.3-11 Boltzmann plot for iron ionic lines in a pulsed RF glow discharge plasma when 
the forward power was 70 W (effective value) and the pulse frequency was 77 Hz (the 





Fig.3-12 Variations in the enhancement factor for several Fe II emission lines: Fe II 
257.297 nm (7.708 eV)(circle), Fe II 258.111 nm (7.693 eV) (square), Fe II 246.186 nm 
(8.266 eV) (cross), Fe II 250.387 nm (8.718 eV) (plus), and Fe II 253.362 nm 
(7.549 eV) (inverted triangle), Fe II 257.437 nm (7.397 eV) (triangle), estimated from 
the semi-log plot such as Fig.3-13, as a function of the pulse frequency. The duty ratio 





Fig.3-13 Variations in iron-to-atomic intensity ratios of Fe II 259.938 / Fe I 382.783 
(circle) and Fe II 261.188 / Fe I 382.783 (square), and in an atom-to-atomic intensity 
ratio of Fe I 384.106 / Fe I 382.783 (triangle), having similar excitation energies 
(4.8 eV), as a function of the pulse frequency. The duty ratio of the pulsed RF waveform 








In a 6.78-MHz RF glow discharge plasma operated in a pulsed mode, the 
Boltzmann plot for Fe I and Fe II emission lines demonstrated that the 
excitation/ionization phenomena were controlled in a different manner depending on 
both the emitting species and their excitation energies. A thermal excitation mechanism 
through electron impact worked dominantly for excitations of low-lying excited levels 
of iron atom, so as to follow a Boltzmann distribution, which would occur in the 
negative glow region through collisions with ultimate electrons. It provided the 
excitation temperature in a narrow range of 3300–3400 K, which was hardly affected by 
the duty ratio as well as the pulse frequency of the pulsed RF glow discharge plasma, 
and the temperature was in the similar range in a DC glow discharge plasma. These 
effects implied that the glow discharge plasma could be supported by a self-sustained 
and self-stabilized negative glow region in which the kinetic energy of electron would 
be hardly changed under a uniform potential distribution. An additional excitation 
process resulted in an overpopulation in the energy levels having higher excitation 
energies, causing a positive deviation from the normal Boltzmann distribution, which 
would be attributed to complicated electron recombination and then step-wise 
de-excitation channels after Penning-type ionization of iron atom in a collision 
with argon metastable atom. In the Boltzmann plot of Fe II lines, there appeared 
selective ionization/excitation channels for particular iron lines in an argon glow 
discharge plasma, which led to a very large deviation of the intensity plots from a 
normal Boltzmann distribution, because the corresponding upper energy levels could be 
highly populated through a charge-transfer collision with argon ion. The Penning-type 
collision and the charge transfer collision are typical non-Boltzmann (non-thermal) 
excitation processes; however, their contributions to the overall excitation/ ionization 
were not altered so greatly even when the RF glow discharge plasma was controlled in 
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4. Investigation of the Discharge Parameters for Three-dimensional 
Observation in Glow Discharge Optical Emission Spectrometry 
 
4.1 Introduction 
In the steel manufacturing industry, coarse inclusions and surface defects 
generated in the refining and casting processes for the production of steel materials 
would affect the characteristics of steel and degrade the quality of the final products. 
Therefore, it is important to employ an analytical method for detection of various 
defects in the process control. In order to obtain the information about the elemental 
distribution, an analytical apparatus having abilities of the on-surface as well as in-depth 
distribution should be employed. The online / onsite analysis in the manufacturing 
process helps to optimize the process control; as a result, it can reduce the cost and 
improve the energy efficiency. However, conventional analytical methods yielding the 
spatial distribution, such as SEM/EDX and EPMA, cannot apply for the online/onsite 
analysis in the production site. Therefore, a high speed monitoring system needs to be 
provided for the steel manufacturing industry, to obtain information about the elemental 
distribution of both the depth direction and the lateral direction, which can realize 
three-dimensional elemental mapping at a high speed. 
Glow discharge optical emission spectrometry (GD-OES) is extensively 
employed for direct analysis of solid samples, because the glow discharge plasma is 
self-sustained under a stable condition, which can provide the emission spectra with 
small intensity variations as well as with low background levels. The sputtering process 
enables GD-OES to be a rapid analytical method for obtaining a depth profile of the 
sample composition, because it requires only a little sample pretreatment without 
ultra-high vacuum conditions [1,2]. Furthermore, there is a possibility in GD-OES that 
the analytical information can be obtained not only along the depth direction, but also in 
the lateral direction over the sample surface, because sputtered sample atoms emit the 
characteristic radiation in the negative glow region just above the surface and thus a 
spatial image of radiation may correspond to the lateral distribution of the sample atoms. 
In a conventional analytical system for GD-OES, the emission signal is observed from 
the axial direction of the plasma when it is collected onto an entrance slit of the 
spectrometer with a point-focus lens. Therefore, the intensity of an emission line is fully 
integrated over a certain area of the plasma, which is suitable for the general analytical 
application, because the radiation can be averaged to be larger emission intensities with 
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good precision. However, it cannot provide any information about the spatial 
distribution of the emission intensity of different portions in the plasma. 
A spatially-resolved spectral image of glow discharge plasma can be obtained 
with a particular spectrometer system, where the emitted radiation is directly collimated 
on the grating of the spectrometer, and the plasma image after dispersion is projected on 
a position-sensitive detector. Gamez et al. first conducted spatially-resolved elemental 
analysis in GD-OES by using an imaging spectrometer system with a pulsed 
radio-frequency power supply, indicating that small particles embedded in an organic 
sample could be separately detected in the elemental mapping [3]. His research group 
also published a review article about the image measurement in GD-OES, discussing on 
the lateral resolution related to several experimental parameters for operating glow 
discharge [4]. 
A research was conducted in my laboratory with respect to spatial variations in 
the emission intensity over the whole region of the glow discharge plasma [5]. In the 
previous studies, a CCD detector was used for the imaging spectrometer system [6,7]. 
However, the CCD detector was not able to measure the emission intensity for 
extremely short time just after the sputtering of the sample atoms, because it had a poor 
sensitivity. In order to improve this disadvantage, I replace the detector with an 
intensified charge coupled device (ICCD) detector, which enables much shorter gating 
with the enough sensitivity, thus suited for a time-resolved measurement. This chapter 
describes variations in the spatial resolution of an emitting when the gate width and 







4.2.1 Text sample 
The sample was a rectangle-shaped copper chip having a width of 1.0 mm 
stuck on a pure nickel plate. The copper chip was made of a conductive copper tape 
with a thickness of 0.35 mm (CUS-13T, Takachi Ltd., Japan). The nickel plate was set 
to a glow discharge source so that the copper chip could be placed at the center position 
of the plasma. 
A non-resonance ionic line of copper, Cu II 224.7 nm, was measured, because 
this line had large emission intensity and was less effected from the self-absorption [9]. 
 
4.2.2 Apparatus 
A glow discharge excitation source was made in our laboratory according to an 
original model of Grimm [10]. The inner diameter of the hollow anode was 8.0 mm and 
the distance between the anode and the cathode sample was adjusted to be 0.2-0.4 mm 
[5,6].
 
The emitted radiation was observed from the axial direction of the plasma to an 
imaging spectrometer. A schematic view of the whole measuring system is shown in Fig. 
4-1. The imaging spectrometer system comprised a collimator, an imaging spectrograph, 
and an ICCD detector (DH734-18F-0, Andor Technology Ltd., UK). The emission 
signal from the excitation source was introduced through the collimator onto the 
entrance slit of the imaging spectrograph (Model 12580, BunkoKeiki Corp., Japan), 
where the image, which was dispersed at a certain wavelength, was directly detected on 
the photoelectric surface of the ICCD detector. As a result, a two-dimensional image of 
a particular emission line could be observed in the lateral direction of the plasma. The 
optical alignment between the glow discharge excitation source and the spectrometer 
was adjusted using zero-order diffraction light, so that the image of the source could be 
observed most clearly. A Grimm-style excitation source produces obstructed glow 
discharge plasma [11], where the negative glow region can be localized just above the 
sample surface having a thickness as thin as the mean free path of the sputtered sample 
atoms (100-μm-order depending on the pressure of the plasma gas) [12]. It is thus 
considered that the emission image was obtained from the negative glow region. 
A pulsed direct-current voltage was loaded to the plasma source, generated 
with a power amplifier (HEOPT-1B60-L1, Matsusada Precision Ltd., Japan) controlled 
by a function generator (AGF-2005, GW Instek, Taiwan). The discharge parameters, 
such as a peak value of voltage, a frequency, and a duty ratio could be varied. The 
waveform of the applied voltage was monitored on a digital oscilloscope (TDS-2002, 
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Textronix Corp., Japan). 
The discharge chamber was evacuated to below 10 Pa. High-purity argon 
(>99.999%) was introduced as a plasma gas during the measurement while keeping a 
predetermined chamber pressure of 530 Pa. 
The discharge voltage waveform was loaded using a square waveform when 
the duty ratio was 50%. The slit width of the spectrometer was set at 65 μm to prevent 
from spectral interference from co-existing emission lines of Ni. The frequency of the 
discharge voltage was set at 250 Hz. The exposure time of the ICCD detector was 10 s. 











4.3 Results and Discussion 
 
4.3.1 Emission image of copper chip 
Fig. 4-2 shows typical emission images of the Cu II 224.7 nm line for the 
copper chip, when the gate width of the ICCD detector was 1 μs (a) and 5 μs (b). The 
peak voltage of the glow discharge plasma was – 800 V and the argon pressure was 4 
Torr (530 Pa). A pulsed voltage was applied to the glow discharge source at a frequency 
of 250 Hz and duty ratio of 50%. In this image, 1 pixel corresponded to 43 μm in the 
actual size. The calculated lateral resolution was 1.43 mm when the gate width of the 
ICCD detector was set at 1μs, and it was 1.73 mm when the gate width was 5μs. It was 
evident that the size of emission image with the ICCD gate width of 5 μs was larger 
than that of 1 μs. Therefore, it can be inferred that the influence of diffusion of the 
sample atoms became obviously when the gate width became larger. The resolution 
power was estimated from a half width at half maximum (HWHM) of the intensity 
profile, as shown in Fig. 4-3. 
Fig. 4-4 shows a transient variation in the emission intensity as a function of 
the delay time of the ICCD detector, and the corresponding trigger pulse, which is 
controlled with a square-formed timing pulse of the function generator at a frequency of 
250 Hz and a duty ratio of 50%. The emission intensities and their standard deviations 
were estimated for triplicate measurements. There appeared an interval of about 100 μs 
form the start of the timing pulse until the emission signal completely rose. After the 
emission signal reached the steady/constant stage, sample atoms could diffuse over a 
certain area of the resulting plasma sufficiently; as a result, the lateral resolution for the 
imaging would become worse. Therefore, it is considered that the lateral resolution can 
be improved if the emission light is detected just before the diffusion of the sample 
atoms. A response performance of the power amplifier employed in this study has 
already been measured, as re-published in Fig. 4-5 [13]. It takes ca. 47.5 μs from the 
start of the timing pulse until the pulsed voltage has been elevated up to 50% as high as 
the peak voltage [13], and thus about 100μs is needed for loading of the full voltage. 
This behavior was similar to the rising-up variation of the emission intensity, as shown 
in Fig. 4-4. Therefore, it was considered that the intensity variation would be mainly 
attributed to the performance of the power supply. 
Fig. 4-6 illustrates a schematic drawing to describe the waveform of a pulsed 
voltage for switching on/off the glow discharge, together with the delay time and gate 
width of the ICCD detector for a time-resolved measurement of the emission signal. The 
timing pulse of the gate was synchronized with the pulse of the discharge voltage. 
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On/off periods of the plasma could be changed when adjusting the duty ratio. 
Furthermore, the gate width of the ICCD detector can be adjusted to be narrower to 
detect only the emission signal just after analyte atoms are sputtered and not to detect 
the re-emission caused by their diffusion in the plasma. However, the intensity became 






Fig. 2 Emission images of a copper-chip specimen when the gate width of the ICCD 







Fig.4-3 Lateral resolution of the emission image defined by the half-width at 





Fig.4-4 Temporal variation in the emission intensity of Cu II 224.7 nm together with the 




Fig.4-5 Temporal response of a pulsed voltage applied to a load resistor of 1kΩ. The 
peak voltage was -100V at a frequency of 174 Hz and a duty ratio of 50%. This figure is 




Fig.4-6 Schematic explanation of the gate width and delay time for a gate timing of the 
ICCD detector for detection of the pulsed emission signal. A waveform of a pulsed 
voltage for switching on/off the glow discharge is described, together with a timing 




4.3.2 Delay time of ICCD detector 
Fig. 4-7 shows HWHM values of the emission image, along with the emission 
intensity, when the delay time of the ICCD detector varied from 50 μs to 150 μs. In this 
measurement, the frequency was set at 250 Hz and the duty ratio was set at 50%, thus 
making the on/off periods of the plasma to be kept constant. The HWHM values were 
reduced when the delay time became smaller. The emission intensity increased in an 
increase in the delay time and then it became saturated after 100 μs because the 
discharge power would be fully loaded as depicted in Fig. 4-5. It was thus found that the 
lateral resolution could be improved as the delay time was reduced down to 50 μs; 
however, further smaller delay times would not work sufficiently due to the rising-up 
characteristics of the emission signal (see Fig. 4-4). When sputtered atoms diffuse in the 
plasma with re-emitting by the repeated excitations of them, the lateral resolution would 
deteriorate due to the emitting portions different from the original one; therefore, it is 




Fig.4-7 Variations in HWHM values of the emission image and in the emission intensity 
of Cu II 224.7 nm when the delay time of the ICCD detector varied from 50 μs to 150 




4.3.3 Gate width of ICCD detector 
Fig. 4-8 shows HWHM values of the emission image, along with the emission 
intensity, when the gate width of the ICCD detector varied from 1 μs to 10 μs, 
indicating that the lateral resolution was improved with decreasing the gate width. The 
best lateral resolution obtained was 1.43 mm when the gate width was 1 μs and the 
delay time was 60 μs. However, when the gate width was set to less than 1 μs, the 
lateral resolution could not be calculated exactly, because the emission intensity became 
very weak. This result implies that, when the delay time has been optimized, the gate 
width should be selected as small as possible, because the emission of sputtered atoms 
can be observed more instantly such that they would be located just above their original 
portions of the sample surface. As a result, the influence of the re-emitting would be 
reduced at smaller gate widths. 
By using the optimized measuring conditions for the gate width as well as the delay 
time, the lateral resolution was obtained to be 1.43 mm; however, this value was larger 
than the actual sample size, meaning that the diffusion of sample atoms could not be 
controlled completely and thus they had an emitting zone beyond the size of the 
specimen. This is probably because this measurement required a long exposure time of 
the ICCD detector to obtain an emission image after wavelength dispersion: the 
emission intensity had to be accumulated by repeating nominally 2500-times discharge 
pulses during an exposure time of 10 s at a discharge frequency of 250 Hz. Therefore, 
transient responses of the emission signal would not be exactly the same for each 




Fig.4-8 Variations in HWHM values of the emission image and in the emission intensity 
of Cu II 224.7nm when the gate width of the ICCD detector varied from 1 μs to 10 μs. 




4.3.4 Three-dimensional spatial resolution 
In order to evaluate a three-dimensional (3D) spatial resolution of the 
spectrometer system, I prepared a sample that a square-shaped copper chip having a 
dimension of 1.0 × 1.0 mm, which was made from the same copper tape described in 
Section 2.1., was stuck on a pure nickel plate. The thickness of the copper tape was 
0.35mm. The sample was checked with an optical microscope, and the image of the 
sample is shown in Fig. 4-9 (a). 
Fig. 4-10 shows a variation of the emission intensity of the Cu II 224.7 nm line 
in depth direction, together with several emission images. The gate width of the ICCD 
detector was set at 1 μm, and the delay time was set at 60 μs. The emission intensity 
was obtained by averaging over a central area of 32 x 32 pixels in the emission image. 
The emission intensities kept unchanged during sputtering for the first 30 min and then 
almost disappeared after about 40 min. The image of the sample after the sputtering is 
shown as Fig. 4-9 (b). Fig. 4-11 shows variations in the HWHM values along the x axis 
(horizontal direction) and y axis (perpendicular direction) of the emission image. The 
values of the HWHM in the x axis were similar to the result indicated in Section 3.3. 
However, the HWHM values in the y axis were much larger than the real size; the 
reason for this was that the image of the spectrometer system, employed in this study, 
was distorted / enlarged along the slit direction, which was in the direction of y axis. 
The raw data are plotted in Fig. 4-11. Therefore, this distortion should be corrected to 
obtain the emission image more accurately. Accordingly, it is possible to carry out a 3D 
measurement through sputtering of a thin and chip-like specimen, indicating that an 
in-depth profile, the sputtering rate of which was ca. 12 μm / min, could be conducted 




Fig.4-9 Optical-microscope images of a copper chip specimen before (a) and after 
sputtering (b). A square-shaped copper chip having a dimension of 1.0 × 1.0 mm was 




Fig.4-10 Variation of the emission intensity of Cu II 224.7 nm line in the depth direction, 
together with several emission images. In this measurement, the square waveform of the 





Fig.4-11 Variations in HWHM values of the emission image with a progress of the 
sputtering, along the x axis (horizontal direction) and the y axis (perpendicular direction) 







In spatially-resolved GD-OES, the emission images of a copper chip which 
was prepared as a test specimen, were observed to estimate the lateral resolution when 
the plasma was generated by loading a pulsed direct-current voltage. Under the 
optimized conditions in this experiment, the best lateral resolution was obtained to be 
1.43 mm when the gate width was 1 μs and the delay time was 60 μs; however, it was 
larger than the actual sample size, because the emitting zone would extend slightly in 
the plasma over the size of the copper chip. By reducing the gate width, it was possible 
to improve the lateral resolution. However, the detected emission intensity became very 
weak when the gate width was further reduced, and it was thus difficult to take an 
emission image for calculating the lateral resolution. To obtain an emission image to 
resemble the specimen more closely, an ICCD detector with higher sensitivity need to 
be employed. The gate width should be reduced as small as possible to detect the 
emission signal of analyte atoms from the plasma just above their original positions, 
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5. Application of laser ablation to sampling for glow discharge plasma 
optical emission spectrometry 
 
5.1 Introduction 
In conventional GD-OES, argon gas is usually utilized for generating the glow 
discharge plasma. The sputtering rate of the samples in the argon glow discharge plasma 
is typically several micrometers per minute at several tens of watts of the discharge 
power [1, 2].  
When better resolution is needed in the depth profiling, helium gas would be a 
considerable choice as the plasma gas. The sampling rate of helium bombardment in 
glow discharge plasma is much lower than that of argon bombardment. Therefore, an 
improvement of resolution in the depth profiling can be expected. However, helium gas 
has less ability to sample sputtering because of the high ionization potential as well as 
smaller cross section of collisions. In order to overcome this issue, a new sampling 
method has been suggested, in which a pulsed GD-OES is combined with a Q-switched 
Nd: YAG laser, named as Laser-Assisted Glow Discharge (LAGD). In this method, 
high-energy pulsed laser ablation is employed to introduce sample atoms into a helium 
glow discharge plasma [3, 4]. The merit of LAGD is that the excitation process for 
atomic emission can be individually controlled from the sampling process. Precise 
control of the sampling can be achieved by the laser processing, and it is expected to 
obtain intense atomic/ionic emissions by the helium glow discharge plasma, which has 
high excitation ability. 
Previous papers described an experimental setup using a Nd:YAG laser for the 
LAGD method [3, 4]. However, the laser irradiation was not controlled precisely due to 
a low repetition rate of laser. Therefore, in this study, a pulsed laser with a high energy 
density and a high repetition rate is employed to obtain a reliable emission signal from a 
laser-irradiated crater, which enables localized elemental analysis for a µm-order area. 
Furthermore, the emission signal is analyzed with a fast Fourier transform (FFT) 
analyzer, to estimate the intensity precisely as well as to consider the characteristics to 
the pulse-like signal. 
In this chapter, an enhancement of Cu emissions from a helium glow 






5.2.1 Experimental system 
        The schematic diagram of the experimental system is illustrated in Fig.5-1. A 
Grimm-type discharge tube was employed with a hollow anode having a diameter of 8 
mm and the distance between the anode and the cathode sample was adjusted to be 0.4 
mm. The discharge tube was evacuated to below 3 Pa by two rotary pumps (GLD-66, 
ULVAC Kiko Inc.), and then filled with high-purity helium gas (>99.9999%) at a total 
pressure of 400 Pa, which was measured with a pirani gauge (GP-1000, ULVAC). The 
discharge tube was placed on X-Z moving stages (X: OSMS26-50, Z: SGSP33-200, 
Sigma Koki Co., Ltd.). The movement of both the stages was controlled by a stage 
controller (GSC-02, Sigma Koki Co., Ltd.) at steps of 200 µm. A DC power supply 
(PAD1K-0.2L, Kikusui Electronics Corp.) was utilized to apply a high voltage of about 
1000 V between the hollow anode and the cathode (sample). The discharge current was 
measured at about 2 mA. The emission from the helium glow discharge plasma was 
focused with a planoconvex lens (f = 150 mm), perpendicularly reflected by a pierced 
mirror, and again focused with another planoconvex lens (f = 150 mm) to the tip of an 
optical fiber. In order to generate a laser ablation, a Nd: YAG SHG laser (NL204-1K, 
Ekspla) was placed in the front of the discharge tube. A pulsed laser of 532 nm was 
focused and irradiated to the surface of the sample. The repetition rate of laser 
irradiation was set at 1 kHz, and the irradiation energy of one laser shot was varied form 
25 μJ to 1000 μJ.  
After dispersing the emission signal at a particular wavelength (for an 
analytical emission line), the emission intensity was data-treated with a fast Fourier 
transform (FFT) analyzer (SR-760, Stanford Research Systems, USA), to detect a signal 
component which was modulated at a frequency of the pulsed laser and also to remove 
noise components having any other frequencies. 
 
5.2.2 Sample and analytical lines 
A high purity Cu plate (>99.99%, 30 mm × 30 mm × 1mm) was used as a test 
specimen. The as-received copper plate was cleaned with ethanol before the 
measurement. Emission lines of Cu I 324.754 nm (
2
P3/2 3.82 eV - 
2
S1/2 0.00 eV), Cu I 
261.837 nm (
2
P3/2 6.12 eV - 
5
D2 1.39 eV), Cu I 406.264 nm (
2
D5/2 6.87 eV - 
2
P3/2 3.82 
eV) and Cu II 224.7 nm (
3
P2 8.23 eV - 
3











5.2.3 Data processing in FFT analyzer 
An FFT analyzer could be effectively employed for a modulation method, in 
which a power spectrum resulted from the FFT calculation separates an objective 
component from the overall emissions. The FFT analyzer has an ability to disperse 
electronic signals by frequency to yield a power spectrum.  
Fig.5-2 shows a schematic diagram describing the operation of an FFT 
analyzer [5]. Sequential (analogous) data of the emission intensity from the output of 
the photomultiplier tube are first converted into a series of the digital data with an 
analogous-to-digital converter. Then the FFT calculator estimates a power spectrum, in 
which the emission intensity is dispersed by frequency components, by using a set of 
the digital data according to the FFT algorism. Because this calculation is very fast, the 
FFT calculation can be repeated many times to improve the quality of the power 
spectrum. Finally, the peak height of particular frequency components is recorded on a 
personal computer to determine the emission intensity. In the flow of data analysis, the 
calculator can use a part of the previous data for the next spectrum. Such overlapping of 
the data enables the power spectrum to be accumulated many times for a short 
measuring time. The averaging of the power spectrum can contribute to an accurate 
estimation of the intensity data as well as to full removal of noise components. It is 
considered that this characteristic of the FFT analyzer would be superior to other 
detection methods using a lock-in amplifier or a band-pass filter. 
        According to the theory of Fourier expansion, a square-wave function F(t) can 
be de-convoluted into a series of cosine-wave function, the frequencies of which are 
integral-times as high as the fundamental frequency of a square wave f, as the following 
equation [5]:  
        
F(t) = A0 + A1cos(ωt) + A2cos(2ωt) + A3cos(3ωt) + ………. + An      (5-1) 
 
Where ω = 2πf, An = 2sin(nπd) / nπ, and d is the duty ratio of a square waveform 
(0<d<1). 
The duty ratio d is involved in Eq.(5-1), implying that a symmetry of the 
square wave would determine the power spectrum. A symmetric square waveform (a 
duty ratio of 50%) comprises a series of sine waves having only the odd-number-times 
frequencies, because the coefficients for the even-number-times frequencies, such as 
A2 and A4, are zero. On the other hand, when it has any other asymmetric waveforms 
except a 50% duty ratio, the components having the even-number-times frequencies 










5.3 Results and discussion 
 
5.3.1 Enhancement of Cu emissions in LAGD 
        Optical emission spectra excited by a glow discharge plasma (GD-OES), a 
laser-induced plasma (LIBS), and a combination of a glow discharge plasma and a laser 
irradiation, named as laser-assisted glow discharge (LAGD) were obtained in the 
experiment. Fig.5-3 shows an atomic emission of He I 388.864 nm (
3
P 23.01 eV - 
3
S1 
19.82 eV), which generates the metastable 
3
S1 state of He atom. Since 
3
S1 (19.82 eV) - 
1
S0 (0.00 eV) is a forbidden transition, the lifetime of the 
3
S1 state of He atom was 
reported to be several 10
4
 seconds [6], and thus the metastable He may have a high 
ability for the collisional excitation. In LAGD measurement, the emission intensity of 
He I 388.864 nm decreased with an increase in an energy of laser pulses, and became 
around one-sixth when the laser was irradiated at a full power. The spectra of Cu 
emission in LIBS and LAGD are shown in Fig.5-4. Two intense emission lines were 





S1/2 0.00 eV), 327.396 nm: 
2
P1/2 3.79 eV - 
2
S1/2 0.00 eV). When the energy of laser 
pulses was down to 110 μJ, no emission of these resonance lines was found in LIBS; 
however, they were still found in LAGD. The effect of laser irradiation on the LAGD 
method was prominently observed in Cu II emissions rather than in Cu I emissions. In 
Fig.5-5, there appear seven intense ionic emission lines together with weak atomic 
emission lines in a wavelength region of 217-225 nm. Cu emission lines are listed in 
Table 5-1 sorted by their electron configurations, where the emission lines attached with 
asterisk are found in this study. Although there are no data for the transition probability 
for Cu I lines having higher than 6 eV of the upper energy, it is considered that these 
emission lines have relatively small transition probabilities. Therefore, they were not 





Fig.5-3 Emission intensities of characteristic emissions of He I 338.864 nm towards the 





Fig.5-4 Emission intensities of characteristic emissions towards the energy of laser 















Table 5-1 Assignments of Cu I and Cu II emissions observed in this chapter.   
100 
 
Furthermore, the irradiation of a Nd:YAG laser has a notable effects on the 
emission intensity in GD-OES, especially for Cu II lines. Fig.5-6 shows a change in the 
intensity of an atomic line (Cu I 324.753 nm) and an ionic line (Cu II 213.598 nm) with 
a decrease in laser pulse energies. The horizontal dotted line in Fig.5-6 represents an 
approximate threshold value for the peak identification, which is calculated by a 
summation of the averaged background intensity and its three-sigma standard deviation. 
According to the changes in the emission intensities obtained in LIBS and LAGD, they 
can be separated into three regions, denoted as the region I to III in Fig.5-6 by two 
vertical solid lines.  In the region I (< 50 µJ/p), no emissions from Cu were observed 
since the energies of laser pulses were too insufficient to ablate Cu atoms from the 
sample. When laser pulses with larger energy (50 µJ/p < X < 350 µJ/p) were irradiated 
to the Cu sample (in a range of the region II), atomic/ionic emissions were observed 
only in LAGD. In the region III (over 350 µJ/p), their intensities could be obtained both 
by LIBS and LAGD, indicating that a laser-induced plasma could be predominantly 
generated and maintained. 
Fig.5-7 shows microscope images of the ablation craters at several different 
laser energies. When the laser energy was set to be 1000 µJ/p deep craters were formed 
onto the Cu plate. In order to observe a sufficient size of the craters with an optical 
microscope, I selected the number of laser shots to be 10,000 for an irradiation time of 
10 seconds. The diameter of the resulting crater was around 250 µm; however, the depth 
was not able to be estimated because it was rather deep and the illumination for the 
microscope could not reach the crater bottom. At an energy of pulse lasers of 390 µJ/p, 
the diameter was almost unchanged, and the bottom of the resulting crater could be 
observed by adjusting the height of a sample stage (TASB-403, Sigma Koki, Co., Ltd.), 
and the depth of this crater could be estimated around 40 µm from a moving distance of 
the stage. When an energy of laser pulses was further reduced to 110 µJ, the diameter 
and the depth were around 35 µm and 40 µm, respectively. At this energy of irradiation, 
the surrounding portion of the crater seemed to be less affected thermally because of the 
decreased laser energy for ablation. When the energy was 25 µJ, there found no craters, 
indicating that the energy was too insufficient to create craters. These observations of 
the craters were quite consistent with the change in intensity as shown in Fig.5-6 
described above. 
A cyclic variation in the applied voltage for a glow discharge, synchronized 
with the laser pulse, was observed, such that an instant decrease in the discharge voltage 
was caused by the laser irradiation when the LAGD measurement was conducted in a 
constant voltage mode. A probable reason for this voltage drop was a drastic increase in 
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the discharge current by the laser irradiation, which was beyond the current limit of the 
DC power supply (200 mA), eventually resulting in the drop of the applied voltage.  
This phenomenon might be attributed to a large flow of electrons in the plasma, which 
was induced through a stream of the laser beam. Fig.5-8 shows temporal changes in the 
current and voltage in LAGD, which were measured with a voltmeter and an ammeter 
installed in the DC power supply. Since the time constant of these meters would be 
around 100 ms, the observed values of voltage and current could not follow the 1 kHz 
repetition of the pulsed laser. Therefore, averaged values between the maximum and 
minimum voltage/current were estimated because their monitored values were greatly 
fluctuated. From the region I to region II, a drastic increase in the current and a drastic 
decrease in the voltage occur at the same time, which well corresponds to the variation 
in the emission intensities of Cu lines, resulting from the laser ablation of Cu samples. 
Whereas the emission intensity of the Cu lines is mainly determined by the laser 
ablation when the energy of pulsed laser exceeds a threshold of ca. 50 µJ/p, that of a 
helium atomic line (He I 388.864 nm) is reduced by laser irradiation in LAGD, as 
shown in Fig.5-3. This effect is probably because the averaged applied voltage of the 
plasma decreases due to the laser irradiation, as indicated in Fig.5-6, which may affect 
the excitation/ionization behavior of He plasma gas negatively. Therefore, a DC power 
supply having higher current capacity may be needed to prevent the temporal drop of 
the discharge voltage by the spark-like current. 
In order to evaluate the effect of laser irradiation on helium glow discharge 
plasma, an enhancement factor (EF) was defined as the intensity ratio of ILAGD/ILIBS.  
For instance, the EF of Cu I 324.754 nm at 1000 µJ/p can be calculated to be 
52175/58190 = 0.90, while that of Cu II 213.598 nm at 1000 µJ/p can be calculated to 
be 25458/2244 = 11.3. The calculated EFs are plotted in Fig.5-9. It was observed, that at 
the pulse energy of 1000 µJ/p, the EFs of Cu I emissions were around 1~3 (4 ~ 7 eV), 
while those of Cu II emissions are around 7 ~ 21 (16 ~ 17 eV) and 3~5 (~22 eV).  
Ionic lines having upper energies of 16 ~ 17 eV were greatly enhanced in LAGD. A 
probable mechanism for this enhancement would be a Penning ionization process [7, 8], 












                                (5-2) 
 
The superscripts g, m, and asterisk in Eq. (5-2) mean the ground state, the metastable 
state, and an excited state, respectively. Since there are no energy levels between the He 
3
S1 (19.82 eV) metastable state and the He 
1
S0 (0.00 eV) ground state, the internal 
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energy of the 
3
S1 state can contribute to the ionization/excitation of Cu atoms during the 
Penning collision process. The internal energy of the He metastable is lower than the 
excited energy levels of Cu II emission having upper energies of around 22 eV. 
Therefore, the excitation for these energy levels hardly occurs only by the Penning 
ionization. Their excitation is also impossible only through a collision with fast 
electrons because the kinetic energy of electrons in a glow discharge plasma is around 5 
eV [9]. A possible mechanism of their excitation can be a two-step excitation by a 
combination of electron impact and Penning-type collision, such as follows: 
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     (5-4) 
 
In LAGD, the number density of accelerated electrons could be elevated by the ablation 
of Cu sample by pulsed lasers. Moreover, the Penning ionization denoted in Eq. (5-2) or 
Eq. (5-4) also generates accelerated electrons, which would result in an increase in the 
number density of accelerated electrons. These electrons would contribute to the 
increased collision probability with Cu atoms in the ground or excited energy levels, 
providing EFs of 1~3 for the Cu I emission. 




























5.3.2 FFT analysis on the pulsed response of Cu emission signal 
        Fig.5-10 indicates a theoretical FFT power spectrum for a square-wave 
function having different duty radios, which is calculated from Eq.(5-1). The power 
spectrum has a noticeable feature that the amplitudes of higher-frequency components 
are largely different depending on the duty ratio. Therefore, a summation of the 
fundamental and higher-order harmonic components to analysis of the power spectrum 
is applied especially when the waveform is asymmetric, in order to make the signal 
response to be more sensitive. It is considered in the LAGD measurement that the duty 
ratio would correspond to an overall lifetime of the emission signal for the pulsed 
duration of the plasma. 
Fig.5-11 shows an observed FFT spectra of Cu I 324.754 nm, when the laser 
power was varied from 60W to 70W. The FFT components are observed at the 
fundamental frequency of 1000 Hz (the repetition frequency of laser) and at the 
overtone frequencies. The emission intensity became smaller when the laser power 
decreased, while their relative amplitudes were almost unchanged. This result indicates 
that the sampling amounts of Cu decrease with smaller laser power, but the temporal 
response of the emission signal would be independent of the laser power. 
Fig.5-12 shows typical FFT spectra of: (a) Cu I 324.754 nm (
2
P3/2 3.82 eV - 
2
S1/2 0.00 eV), (b) Cu I 261.837 nm (
2
P3/2 6.12 eV - 
5
D2 1.39 eV), (c) Cu I 406.264 nm 
(
2
D5/2 6.87 eV - 
2
P3/2 3.82 eV) and (d) Cu II 224.7 nm (
3
P2 8.23 eV - 
3
D3 2.72 eV). The 
observed FFT spectra of the atomic emission lines having high-lying energy levels 
(Fig.5-12 (b) and (c)) may be generally explained by the power spectra expected from 
the theory of FFT expansion, as shown in Fig.5-10. In comparison between Fig.5-10 
and Fig.5-12, the FFT spectra of Cu I 261.837 nm is similar to the calculated FFT 
components at a duty ratio of 0.1, and the FFT spectra of Cu I 406.264 nm is similar to 
the FFT components at a duty ratio of 0.08. The former corresponds to a life time of 100 
μs and the latter to 80 μs, when the frequency of the laser is 1 kHz (1ms). This indicated 
that the overall lifetime of the emission lines having high-lying excited levels is much 
longer than the duration time of the pulsed laser (about 20 ns). This phenomenon can be 
explained by a mechanism of Penning-type ionization, as described in Chapter 2, 
Session 2.3. With respect to the high-lying excited levels, their over-population 
behaviors would be caused by a spontaneous radiative de-excitation process after the 
electron-recombination of iron ions, which are produced through any non-thermal 
process such as Penning-type ionization. The sequence of these reactions in the helium 
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means a ground state and a metastable state. Such excitations for the high-lying levels 
would contribute to the prolonged emissions, resulting in the longer lifetime of the 
high-lying energy levels of Cu atom. 
However, there are several differences between the theoretical and the 
observed FFT spectra of an atomic emission line having a low-lying energy levels, Cu I 
324.754 nm (
2
P3/2 3.82 eV - 
2
S1/2 0.00 eV), and of an ionic line, Cu II 224.7 nm (
3
P2 
8.23 eV - 
3
D3 2.72 eV). In Cu I 324.754 nm line, FFT components at higher frequencies 
are similar to the calculated FFT power spectrum for a square wave of 0.01 duty radio, 
which corresponds to a duration of 10 μs, as shown in Fig.5-10. However, FFT 
components at 1000 Hz and 3000 Hz are larger than that of in the calculated FFT power 
spectrum for a square wave of 0.01 duty radio. Similarly, in the case of Cu II 224.7 nm 
line, FFT components from 1000 Hz to 4000 Hz are larger than that of in the calculated 
FFT power spectrum for a square wave of 0.01 duty radio. As described in Chapter 2, 
Session 2.3, the excitations in the low-lying excited levels are caused predominantly by 
collisions with ultimate electrons. Therefore, the emission lines having low-lying 
energy levels should have shorter lifetime, and thus give the FFT pattern of smaller duty 
ratios. The difference in these FFT spectra is probably because the signal response 





Fig.5-10 Calculated FFT components of a square wave at duty ratio of 0.1(a), 0.08(b), 
0.05(c) and 0.01(d). 
  
(a) 0.1 (b) 0.08 




Fig.5-11 Typical FFT spectra of Cu I 324.754 nm(
2
P3/2 3.82 eV - 
2
S1/2 0.00 eV), when 





Fig.5-12 typical FFT spectra of: (a) Cu I 324.754 nm (
2
P3/2 3.82 eV - 
2
S1/2 0.00 eV), (b) 
Cu I 261.837 nm (
2
P3/2 6.12 eV - 
5
D2 1.39 eV), (c) Cu I 406.264 nm (
2
D5/2 6.87 eV - 
2
P3/2 3.82 eV) and (d) Cu II 224.7 nm (
3
P2 8.23 eV - 
3
D3 2.72 eV). 
  
(a) Cu I 324.754 nm (b) Cu I 261.837 nm 




In order to conduct elemental analysis in a localized sampling area, a 
customized setup of a glow discharge plasma excitation source associated with a 
high-frequency Nd:YAG pulsed laser was developed in this study. The LAGD method 
can separate the sampling process from the excitation process of helium plasma through 
laser ablation. Ablation with the pulsed laser effectively worked for introducing ablated 
Cu atoms into the helium glow discharge plasma, resulting in a large enhancement of 
Cu emissions. A main mechanism for the enhancement of Cu II emissions was 
considered to be Penning ionization. Therefore, the LAGD method may be effective for 
measuring elements having higher energy levels. The observed FFT spectra of Cu I 
lines having high-lying energy levels may be generally explained by the power spectra 
expected from the theory of FFT expansion, mainly due to their longer emission lifetime. 
On the other hand, there are several differences between the theoretical and the 
observed FFT spectra of a Cu I line having low-lying energy levels. This result would 
be attributed to a pulse-like response of the emission signal, while the FFT calculation is 
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The thesis describes my study on the emission characteristics of a 6.78-MHz 
radio-frequency (RF) glow discharge plasma in a pulsed mode, and on the application of 
the pulsed glow discharge plasma to two new measuring systems in glow discharge 
optical emission spectrometry (GD-OES).  
Chapter 1 introduces the background of the study, to explain the fundamentals 
of the glow discharge plasma.  
Chapter 2 focuses on the characteristics of emission spectra excited by a 
Grimm-style glow discharge plasma source in a 6.78-MHz RF power mode, in 
comparison to a conventional direct-current (DC) power mode. Boltzmann plots for 
atomic emission lines of iron in the 6.78-MHz RF glow discharge plasma were analyzed 
in detail. The excitation process occurred to be analogous between these different 
power-supply modes. A thermal excitation mechanism worked dominantly for 
excitations of low-lying excited levels of iron atom, so as to follow a Boltzmann 
distribution, which would occur in the negative glow region through collisions with 
ultimate electrons. Glow discharge plasma can be supported by a self-stabilized 
negative glow region in which the kinetic energy of electrons would be determined 
under a uniform potential distribution, and this region would be less affected by external 
discharge parameters as far as a stable glow discharge can be maintained not only in the 
DC plasma but in the RF plasma. 
Chapter 3 investigates Boltzmann plots for both atomic and ionic emission 
lines of iron in a glow discharge plasma driven by 6.78-MHz RF voltage in a pulsed 
mode. The Boltzmann plot for Fe I and Fe II emission lines demonstrated that the 
excitation/ionization phenomena were controlled in a different manner depending on 
both the emitting species and their excitation energies. The excitation temperature was 
hardly affected by the duty ratio as well as the pulse frequency of the pulsed RF glow 
discharge plasma. This observation suggested that the pulsed RF plasma could be 
supported by a self-stabilized negative glow region, where the kinetic energy 
distribution of the electrons would be changed to a lesser extent. An additional 
excitation process resulted in an overpopulation in the energy levels having higher 
excitation energies, causing a positive deviation from the normal Boltzmann distribution. 
This effect would be attributed to an electron recombination and then step-wise 
de-excitation channels after Penning-type ionization of iron atom in a collision 
with argon metastable atom. The Penning-type collision and the charge transfer 
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collision are typical non-Boltzmann (non-thermal) excitation processes. However, their 
contributions to the overall excitation/ionization were not altered so greatly even when 
the RF glow discharge plasma was controlled in the pulsed operation.  
Chapter 4 describes a new measuring system for glow discharge emission 
spectrograph, which can provide a lateral distribution of analyte atoms on the sample 
surface. Under the optimized conditions in this experiment, the lateral resolution was 
still insufficient to obtain the actual sample size, because the emitting zone would 
extend slightly in the plasma over the size of the sample. By reducing the gate width, it 
was possible to improve the lateral resolution. However, the detected emission intensity 
became very weak when the gate width was further reduced, and it was thus difficult to 
take an emission image for calculating the lateral resolution. In order to obtain an 
emission image corresponding to the specimen more closely, the gate width should be 
reduced as small as possible to detect the emission signal of analyte atoms from the 
plasma just above their original positions, immediately after emitting. 
Chapter 5 describes a new measuring system for GD-OES, named as 
laser-assisted glow discharge (LAGD), in which a pulsed plasma is combined with a 
laser ablation sampling with a Q-switched Nd:YAG laser. The LAGD method can 
separate the sampling process from the excitation process of helium plasma through 
laser ablation. Ablation with the pulsed laser effectively worked for introducing ablated 
sample atom of copper into the helium glow discharge plasma, resulting in a large 
enhancement of Cu emissions, especially in the ionic lines having larger excitation 
energies. The observed FFT spectra of Cu I lines having high-lying energy levels may 
be generally explained by the power spectra expected from the theory of FFT expansion. 
However, there are several differences between the theoretical and observed FFT 
spectra of a Cu I line having low-lying energy levels. This result would be attributed to 
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